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ABSTRACT 
The aims of the study were to enhance the functional properties of 
bovine blood plasma and egg albumen proteins by chemical modification and to 
investigate the relationship between protein structure and function. 
Bovine blood plasma and egg albumen proteins were modified by 
amidation, using 5.5M ammonium chloride and a water soluble carbodiimide. 
A range of amidated derivatives was prepared by varying the level of 
carbodiimide, pH and reaction time. The extent of amidation was monitored 
by isoelectric focusing. Selective preparation of two derivatives of BSA was 
undertaken on a macroscale. Partially amidated BSA comprised acidic and 
basic components and exhibited enhanced foaming properties at neutral pH. 
This was attributed to electrostatic interactions and an enhanced exposed 
hydrophobicity of the component proteins. Substantially amidated BSA 
comprised entirely basic components and foaming properties were similar to 
native BSA. However, enhanced foaming was achieved when substantially 
amidated BSA was mixed with native BSA, particularly at a ratio of 1: 1. The 
interaction was thought to be electrostatic and in part hydrophobic in nature. 
Denaturation and significant conformational changes in substantially amidated 
BSA were evident as indicated by electrophoresis and hydrophobicity data. 
Minor side reactions of the carbodiimide with protein sulphydryl groups were 
evident. 
Bovine blood plasma and egg albumen proteins were also modified by 
treatment with ascorbic acid (0.1,0.5 and 1.0%). Ascorbic acid improved the 
foaming and gelation properties, particularly for BSA. The presence of 
ascorbic acid during the whipping process was a requirement for improving 
foaming properties. Foaming properties increased in the presence of 
increasing concentrations of ascorbic acid. Partial acid hydrolysis in 
combination with treatment with 1% ascorbic acid dramatically improved the 
foaming properties of bovine plasma. Ascorbic acid was thought to have its 
effect via sulphydryl-disulphide interchange reactions. 
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CHAPTER 1 
GENERAL INTRODUCTION 
1.1 Processing and Utilisation of Blood Proteins 
1.1.1 Background 
Blood constitutes 3-5% of the live weight of meat animals, dependent 
upon the species (Filstrup, 1980). It has been estimated that 100.000 tons of 
blood per annum are available in the U. K. as a by-product of the meat industry 
(Ranken, 1977; Richards, 1978). Of this, about half is used for pet and animal 
feeds or fertiliser, whilst less than 1% is used for human consumption. The 
remainder, almost 50%, is discarded (Richards, 1978). This represents a waste of 
a potential source of large quantities of animal protein and a costly problem in 
terms of its disposal. 
1.1.2 Collection and Processing of Blood for Human Consumption 
Two main requirements must be satisfied before blood can be 
considered to be suitable for human consumption. Firstly, that the blood is 
obtained from animals deemed to be fit for human consumption and secondly, 
that the blood is collected in a hygienic manner (Graham, 1978). 
Methods for blood collection have been extensively reviewed by 
Bright and Ranken (1977), Wismer-Pederson (1979) and Young (1980). In 
summary. hygienic collection can be achieved using a form of hollow knife both 
for sticking and collection, attached to which is a flexible tube that takes the 
blood away to a receiving vessel. A suitable vacuum (low pressure) applied to 
the system assists in the rapid removal of the blood. Blood clots rapidly after 
removal from the animal and anticoagulant may be fed into the head of the 
sticking knife or mixed with the blood in the collecting vessel. Sodium citrate is 
most commonly used as the anticoagulant (Graham, 1978). In cases where the 
above, so-called "closed", technique is applied for blood collection, it is possible 
to collect blood with a low total bacterial count of 10-100 organisms ml-1 of 
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blood (Heinz, 1969; Graham and McPhail, 1974). Blood from a batch of animals 
may be bulked, although should one of the carcases be rejected as unfit for 
human consumption then all the blood recovered from that group must be 
rejected. 
Blood may be used unprocessed as a food ingredient or more usually 
concentrated and dried by spray drying, ring drying or fluidised bed drying 
(Bright and Ranken, 1977; Young, 1980). 
1.1.3 Use of Whole Blood for Human Consumption 
There is a limited outlet for whole blood in food products, being 
mainly used in Europe for the production of traditional products such as black 
pudding and blood sausage (Bright and Ranken, 1977). 
However, investigation of the potential use of whole blood in meat 
products for human consumption has been undertaken by a number of workers, 
including Satterlee and Free (1973) and Wismer-Pederson (1979) who examined 
the use of whole blood as a binder and extender in meat emulsions. Use of blood 
in the bakery industry has also been investigated in bread and biscuit products 
(Hulse, 1974; Thornton and Gracey, 1974; Bates et at., 1974). 
1.1.4 Separation of Blood 
Objections to the use of whole blood as a food are mainly based on 
aesthetic grounds (Bates et al., 1974; Hulse, 1974). For instance, cooked blood 
is almost black in colour and imparts a bitter, metallic taste to food (Young, 
1980). 
Such objections may be overcome by separating the clear plasma 
fraction of blood from the red cells (haemoglobin fraction) by centrifugation. 
Centrifugal separation yields 60-70% plasma and 30-40% red cells. Liquid 
plasma may then be used immediately in food products or where it is necessary 
to transport or store the plasma, it is frozen or concentrated and dried, most 
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commonly by spray drying, fluidised bed drying or using plastic spheres which 
convey the plasma through a drying --one 
(Bright and Ranken, 1977; Young, 
1980). 
1.1.5 Proximate Composition of Blood Plasma 
Whole blood contains 17-19% protein. The liquid plasma fraction 
contains about 8% protein, whereas the red cell fraction contains 36% protein 
(Ranken, 1980). The proximate composition of dried plasma preparations is 
generally reported to be 70% protein, 10% ash and 7-10% moisture (Howell and 
Lawrie, 1983; Jobling, 1986). Interspecies variation in proximate composition, 
particularly for the protein content, of liquid plasma has been reported by 
Donnelly et al. (1978a). 
1.1.6 Nutritional Properties of Blood Plasma 
The overall amino acid composition of ultrafiltered and spray-dried 
plasma compares favourably with whole egg protein. The contents of essential 
amino acids generally fall below egg values but the only serious limitation is in 
the case of isoleucine (less than half the egg value) (Delaney, 1975). Methionine 
has also been reported to be a limiting amino acid (Young et al., 1973; Swingler 
et al., 1978; Tybor et al., 1973). However, plasma is a good source of lysine and 
leucine. 
The protein efficiency ratio (PER) of plasma is 2.15, compared to 
2.50 for casein (Young et al., 1973). 
1.1.7 Use of Blood Plasma for Human Consumption 
Blood plasma is widely used in comminuted meat products, such as 
sausages, in Europe (Ranken, 1980; Bright and Ranken, 1977). In addition, Young 
and Lawrie (1974) have shown that bovine plasma can be spun into fibres which 
may form the basis of meat analogues. 
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Blood plasma has also been used in the bakery industry. During the 
Second World War plasma was used as an egg substitute in various bakery 
products (Shenstone, 1953) and more recently, the use of plasma as a partial 
replacement for egg albumen in cakes and wheat flour in bread has been 
investigated (Khan et al., 1979; Johnson et al., 1979; Brooks and Ratcliff, 1959; 
Dill, 1976; Hulse, 1974; Del Rio de Reys et al., 1980). 
Incorporation of plasma proteins into food products such as bread and 
meat products can induce a substantial increase in the level and balance of the 
amino acids (Young et al., 1973; Dill, 1976; Del Rio de Reys et al., 1980). 
1.1.8 Problems Associated with Dried Plasma Powders 
Commercial spray-dried plasma acquires a fishy flavour during 
storage at ambient temperatures (Brooks and Ratcliff, 1959; Ratcliff and Brooks, 
1959). This adverse effect on flavour appears to be due to products of the 
oxidation of the polyunsaturated fatty acids of blood phospholipids (Brooks and 
Ratcliff, 1959). Contamination of plasma with haemoglobin may accentuate this 
problem because haemoglobin in the oxidised form is a powerful fat pro-oxidant 
(Ranken, 1980). 
The development of fishy flavours associated with spray-dried blood 
plasma may be overcome by freezing blood plasma or fractionating blood plasma 
by ion exchange chromatography (Howell and Lawrie, 1983; Brooks and Ratcliff, 
1959). 
A further problem associated with dried plasma is that the product 
contains undesirably high levels of ash, which may preclude the use of dried 
plasma from many foods (Donnelly et al., 1978a). It has been suggested that 
membrane processes such as ultrafiltration may be applied to plasma prior to 
spray-drying in order to accomplish desalting (Delaney et al., 1975). Delaney et 
al. (1975) effected a 55% decrease in the mineral content of plasma powders by 
employing ultrafiltration prior to spray-drying. 
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1.1.9 Legislation 
Blood and blood plasma are regarded as offals that are permitted in 
cooked meat products only, and do not count as meat or towards the statutory 
meat content of meat products. Use of blood in black pudding and blood plasma 
in sausages is however permitted. 
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1.2 Structure and Properties of Proteins 
1.2.1 Protein Structure 
Proteins are polymers of some 20 different amino acids joined 
together by peptide bonds. Of the 20 amino acids, 19 have the general structure 
R 
H-C-COON 
I 
NH2 
and differ only in the chemical structure of the side chain, R. Proline, the 20th 
natural amino acid is similar but has the side chain bonded to the nitrogen atom 
to give an imino acid. The side chains vary in size, shape, charge and chemical 
reactivity and exert important influence on protein behaviour (Creighton, 1984; 
Coutts and Smail, 1966). The amino acids are commonly divided into sub-groups 
based on the properties of the side chains, as illustrated in Figure I. I. 
Where a protein consists of more than about 200 residues, the 
structure usually appears to consist of 2 or 3 rather spherical structural units, 
referred to as domains. They have the character of complete globular proteins. 
The individual domains are covalently associated but they interact less 
extensively than do portions of the same domain. The folded conformation, 
i. e. three-dimensional arrangement, of polypeptides is further discussed by 
Creighton (1984) and Ghelis and Yon (1982). 
1.2.2 Stabilisation of Protein Structure 
Forces which stabilise protein structures can be divided into two 
groups, namely covalent forces, which comprise disulphide bonds, and 
non-covalent forces which consist of electrostatic forces, hydrogen bonds, van 
der Waals forces and hydrophobic forces. Non-covalent forces are weaker 
binding energies than covalent binding energies. The relative bond energies 
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Figure 1.1 Component amino acids of proteins joined by peptide bonds and 
character of side chains (deMan, 1980). 
8 
(kcal/mol) are: disulphide bonds: 50; hydrogen bonds: 3-7; electrostatic bonds: 3- 
7; hydrophobic associate: 3-5 and van der Waals forces: 1-2 (Kinsella, 1982). 
Cross-linking between two cysteine residues gives rise to the 
disulphide bond, which is believed to be a consequence of, rather than a director 
of, protein folding (Liu, 1977). Thus, the function of intra-chain disulphide bonds 
is to confer additional stability on the conformation of the protein once it is 
formed. Disulphide bonds are relatively hydrophobic and unreactive in 
comparison with sulphydryl groups. Proteins vary in the number of disulphide 
bonds present e. g. bovine serum albumin (BSA) has 17 whilst lysozyme has 4 (Liu, 
1977). The properties and role of disulphide bonds in proteins are addressed by 
Liu (1977), Cecil (1963) and Cecil and McPhee (1959). 
Electrostatic interactions or ionic bonds refer to the mutual 
attraction between oppositely charged groups in proteins under normal pH 
conditions. There are several amino acid residues in proteins that are charged at 
pH values near neutrality. For instance, aspartic acid and glutamic acid bear 
negative charges whilst arginine, lysine and histidine usually bear positive 
charges. These interactions are pH dependent, and the pKa's of these groups 
vary depending on the local environment. 
Dipole-dipole interactions are also electrostatic forces which occur 
between uncharged but polar molecules. 
The hydrogen bond is intermediate between covalent bonding and 
electrostatic interactions, because a hydrogen atom is shared between a 
potential acid (AH) (proton donor) and a base (B) (proton acceptor) (Creighton, 
1984). 
A-H+B 4; A--H" " "B H A-" "H-B+ 
Proteins contain a number of groups capable of hydrogen bonding, the 
greatest number of possible hydrogen bonds are afforded by atoms of the peptide 
linkage (N -H and C= 0). 
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Van der Waals forces or London dispersion forces are short range 
interactions which occur between all atoms whether polar or non-polar. 
Oscillating dipoles give rise to a net attractive force between two atoms. 
Hydrophobic interactions are aggregate forces due to repulsion of 
apolar groups by water (i. e. entropy driven) (Tanford, 1980). These interactions 
cause folding of proteins and are among the principal forces responsible for 
protein conformation. Proteins usually fold into globular structures where apolar 
groups are exposed to the solvent and apolar groups associate in the anhydrous 
hydrophobic interior. The inherent properties of water are responsible for the 
hydrophobic effect and the magnitude of the hydrophobic interactions depend 
very much on the structure of the dispersing water. 
The nature and role of non-covalent forces in proteins are discussed 
by Creighton (1984), Ghelis and Yon (1982), Ryan (1977) and Kinsella (1982). 
1.2.3 Denaturation of Proteins 
Denaturation may be defined as a process in which the native protein 
conformation undergoes a major change of secondary and tertiary structure 
without rupture of the primary valance bonds (i. e. without change to the primary 
structure) (Tanford, 1968). 
Denaturation can be brought about by various physical (e. g. heat, 
shear) and chemical (e. g. urea, guanidium salts, ions) treatments which have 
their effect through different mechanisms (Lapanje, 1978; Joly, 1965a, b; 
Tanford, 1968). 
The sensitivity of a protein to denaturation is determined by the ease 
with which denaturing agents disrupt the forces that are essential to the 
maintenance of the three-dimensional arrangement (conformation) of the 
polypeptide chain. Even the same type of protein molecules when exposed to the 
same denaturation treatment exhibit a range of structural differences and 
microstates (Brandts, 1967). The mechanism of denaturation is controversial and 
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evidence of continuous, step-wise and all or nothing reaction patterns has been 
reported (Joly, 1965a, b). 
Proteins undergo profound changes in many specific properties 
following denaturation. Macroscopic changes characteristic of denaturation in 
solutions of proteins include loss of solubility, increased viscosity, increased 
turbidity, loss of enzymic behaviour and chemical behaviour changes (Joly, 
1965b). 
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1.3 Composition and Properties of Plasma Proteins 
Plasma comprises three main protein components namely albumin 
(60%), globulins (35%) and fibrinogen (5%) (Putnam, 1975,1984). 
1.3.1 Plasma Albumin (Serum Albumin) 
1.3.1.1 Structure and Composition 
The structure and composition of plasma albumin has been reviewed 
by Peters (1975,1985), and is summarised below. 
Bovine serum albumin consists of a single polypeptide chain 
containing 582 amino acids and has a calculated molecular weight of 66.267. The 
albumin molecule contains about 55% a-helix and about 16% 5-pleated sheet 
structure. The molecule is organised into a series of 9 loops which repeat in a 
triplet fashion of large-small-large and are further grouped as three homologous 
domains of three loops each, stabilised by 17 disulphide bonds. Bovine albumin at 
pH 5 to 8 is a prolate ellipsoid with major and minor axes of 140 and 40 A. The 
molecule is generally conceived as a linear array of the three domains. 
Serum albumin is one of the few plasma proteins which lacks 
carbohydrate. Minor sources of impurities are bound covalently as mixed 
disulphides (Foster, 1977), but apart from these there are normally no 
constituents bound covalently to the polypeptide chain. 
The amino acid composition shows characteristic features for 
example, high levels of charged amino acids, aspartic and glutamic acid (100 
total residues), lysine and arginine (82 total residues) give albumin its polarity. 
The cysteine content is high and all but one of the 35 residues are involved in 
intra-molecular disulphide linkages. In contrast, the glycine, isoleucine, 
methionine and tryptophan content is low. The high total charge on the 
molecule, potentially about 185 ions per molecule at pH 7, aids the solubility of 
albumin and the 17 disulphide bonds, a feature of most extracellular proteins, 
contributes to its stability. The overall net charge at pH 7 is -18 for the bovine 
albumin molecule. 
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The complete amino acid sequence for four other mammalian 
albumins has been determined and there is a high degree of homology amongst 
them (Doolittle, 1984). In human and bovine albumin 61% of the amino acids are 
identical and 34 of the 35 cysteine residues are exactly conserved. Serum 
albumin may be considered the counterpart of ovalbumin, the major egg white 
protein, but it is neither an analogue nor a homologue. Their structure and 
possible functions appear to be different (Feeney and Allison, 1969). 
1.3.1.2 Physicochemical Properties 
The electrostatic properties have been discussed by Peters (1975). In 
summary, the intrinsic pKa values of the functional groups of the side chains of 
serum albumin have been found to be similar to those of other proteins except 
that the ß- and ý-carboxyl groups (mean pKa 4.0) ands-amino groups (mean pKa 
9.8) are more acidic by about 0.5 pH units than expected (Tanford, 1962). The 
isoionic point of albumin, the pH assumed by a solution completely freed of ions, 
is near pH 5.2 (Foster, 1960). This is close to the pH at which all basic groups, 
including imidazoles, are protonated and carboxyl groups are still negatively 
charged. Hence the isoionic point is also the pH of maximum total charge. The 
isoelectric point (pI) of bovine albumen is generally reported to be 4.7. 
Electrophoresis of albumin below pH 5 is characterised by complex patterns. 
In the pH range 2-4, albumin undergoes reversible conformational 
changes referred to as the acid expansion (Foster, 1977). The expansion is 
accompanied by changes in the physico-chemical properties of albumin. For 
instance, the titration curve shows a discontinuity at pH4-4.5 when about 40 
carboxyl groups abruptly become titratable. Foster (1960) has shown that this 
phenomenon coincides with the transition from a normal (N) form to a fast (F) 
form which migrates more rapidly upon gel electrophoresis at pH3-4. The F 
form is an intermediate before acid expansion. Below pH4 the albumin molecule 
becomes fully uncoiled within the limits of its disulphide bonds. The acid 
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expansion is electrostatically driven, since it is suppressed by increasing the 
ionic strength of the environment. During the N-F transition there is a reduction 
in the helical content, from 55% in the N form to 45% for the F form, and the 
molecule unfolds. 
On the alkaline side of neutrality, beginning at about pH9, two more 
subtle isornerisations occur and differ from the acid expansion in that the 
mechanism is apparently thiol-disulphide interchange (Foster, 1977). 
The disulphide bonds of albumin are well shielded from the solvent, 
and accessibility of the 17 disulphide bonds to reduction or oxidation varies with 
pH (Alexander and Hamilton, 1960; Katchalski et al., 1957). None are accessible 
in the pH range 5-7, but they become progressively available as the pH is raised 
or lowered. 
The stability of albumin or resistance to denaturation, has long been 
recognised. For instance, the molecule can withstand 8M urea or 6M guanidine 
hydrochloride, even at 44°C, with temporary loss of helix but without permanent 
denaturation (Tanford, 1968). 
1.3.2 Fibrinogen 
Fibrinogen constitutes about 5% by weight of the plasma proteins. It 
is an asymmetric protein of high viscosity with a molecular weight of about 
340,000. It contains 4.0% carbohydrate in the form of D-mannose, D-galactose, 
N-acetyl D-glucosamine and sialic acid. Fibrinogen is heat labile and denatures 
at temperatures as low as 47°C. 
1.3.3 Globulins 
1.3.3.1 Glycoproteins 
This class of proteins comprise 30% (w/w) of plasma proteins. 
Approximately 30 glycoproteins have been found in the globulin fractions al, a2, 
3 and y separated by electrophoresis. The glycoproteins present in greatest 
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concentration in plasma are transferrin, a1-antitrypsin, a2-macroglobin, 
haptoglobin, aI- acid glycoprotein and ceruloplasmin. The carbohy ates 
covalently bound to the proteins include galactose, mannose, gluc samine, 
galactosamine, fructose and sialic acid, and are present in varying amou ts. 
1.3.3.2 Immunoglobulins (y-globulins) 
The immunoglobulins constitute 15% (w/w) of plasma proteins and 
three major classes, IgG, IgM and IgA, are present in most animals. The 
molecular weight of the immunoglobulin molecules is about 160,000. 
Electrophoretically they show a wide range of mobility. Unlike the other plasma 
proteins these molecules are neutral at the pH of plasma, their isoelectric points 
are between pH 6.3 and 7.3 
1.3.3.3 Lipoproteins 
The lipoproteins constitute an extremely heterogeneous group of 
proteins that are complexes often in apparently variable proportions of lipid, 
protein and carbohydrate. The protein content ranges from as low as 2% in the 
chylomicrons to a high of about 50% in the high density lipoprotein class. The 
lipid content ranges from 95% to 40%. The lipoproteins are separated into 
classes, characterised by their flotation rates, as follows: - chylomicrons, very 
low density lipoproteins (VLDL); low density lipoproteins (LDL), high density 
lipoproteins (HDL) and very high density lipoproteins (VHDL). The size range is 
very wide from 200,000 to 10,000 daltons. 
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1.4 Composition and Properties of Egg Proteins 
Egg is an important ingredient for the bakery and food industries, 
where it is used in the form of liquid, frozen and dried whole egg, egg white or 
egg yolk (Frampton, 1985). 
1.4.1 Composition of Egg Albumen 
Albumen or egg white represents the largest portion (60%) of the 
whole egg. The total solids content of albumen ranges from 11-13%, of 
which protein is the only major constituent (10%). The amount of lipid in the 
yolk free albumen is negligible (0.03%). The carbohydrates of albumen (0.4- 
0.9%) exist in both the free and combined forms with the protein. Furthermore, 
a wide variety of inorganic elements exist in the dissociated and bound forms. 
The composition and properties of egg albumen have been extensively reviewed 
(Osuga and Feeney, 1977; Vade hra and Nath, 1973; Parkinson, 1966; Powrie, 
1976; Powrie and Nakai, 1986; Robinson, 1987). 
The egg albumen contains as many as 40 different proteins (Vadehra 
and Nath, 1973). The major proteins of albumen include ovalbumin. conalbumin, 
ovomucoid, lysozyme, globulins and ovomucin, and are briefly considered below. 
1.4.1.1 Ovalbumin 
Ovalbumin is the predominant protein in albumen (541'x) and is 
classified as a phosphoglycoprotein since both carbohydrate and phosphate 
moieties are attached to the polypeptide. Ovalbumin comprises 3 components 
differing only in their phosphorus content. 
The molecule contains 385 residues and has a molecular weight of 
42,699. The pI of ovalbumin is 4.5. Ovalbumin contains 4 sulphydryl groups and 
I disulphide bond (Fernandez-Diez et al., 1964; Fothergill and Fothergill, 1970). 
The sulphydryl groups are generally regarded as being 'masked' or unreactive 
(Cecil and McPhee, 1959; Lui, 1977). 
16 
Ovalbumin is converted to S-ovalbumin, a more heat stable protein, 
during storage of eggs (Smith, 1964; Smith and Back, 1965). It is thought that 
disulphide-sulphydryl interchange may be involved in the ovalbumin-S-ovalbumin 
transition (Smith and Back, 1965). Nguyen and Smith (1984) have recently 
reviewed the ovalbumin-S-ovalbumin transition. 
1.4.1.2 Conalbumin (ovotransferrin) 
Conalbumin constitutes 12% of egg albumen. It has a molecular 
weight of 76,000 and a pI of 6. The molecule is a glycoprotein which contains no 
phosphorus or free sulphydryl groups. It is notable on account of its ability to 
bind iron and render it nutritionally unavailable to micro-organisms (Alderton et 
al., 1946). 
1.4.1.3 Ovomucoid 
Ovomucoid, 11% of egg albumen, is a heat resistant glycoprotein. 
Ovomucoid was found to be a trypsin inhibitor by Lineweaver and Murray (1947). 
It has a molecular weight of 28,000 and a pI of 4.1. 
1.4.1.4 Lysozyme 
Lysozyme is a cationic protein with a pI of 10.7 and hence an overall 
positive charge at acidic or neutral pH. It constitutes 3.4% of egg albumen. It 
contains four disulphide groups but no free sulphydryl groups. Lysozyme has a 
molecular weight of 14,300, but in the pH range 5-9 aggregation of lysozyme 
monomers occurs to form dimers. Lysozyme is an enzyme that shows lytic 
action on bacterial cell walls. 
1.4.1.5 Globulins 
Globulins consist of three proteins of which one, G1, is considered to 
be lysozyme (Longsworth et al., 1940). G2 has a molecular weight of about 
35,000 and an isoelectric point of 5.5. 
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1.4.1.6 Ovomucin 
Ovomucin is a glycoprotein constituting 3.5% of egg albumen it is 
thought to contribute to the gel-like structure of the thick white in the form of 
flexible microscopic fibres (Robinson, 1977). Ovomucin has a pI of 4.5-5.0. 
Interactions between ovomucin and lysozyme are generally thought to be 
involved in the maintenance of the gel structure of thick egg white and the 
process of egg white thinning (Robinson, 1987; Powrie and Nakai, 1986). 
1.4.2 Physicochemical Properties of Egg Albumen 
The pH of albumen from a newly laid egg is between 7.6 and 8.5 but 
increases on storage at a temperature dependent rate to a maximum of about 9.7 
(Heath, 1977). Hickson et al. (1982a)indicated that the pH of egg albumen is a 
major factor in controlling the rheological properties of gels formed during heat 
treatment of albumin at 80°C. Albumen has a surface tension below that of 
water (72 dynes cm-1 at 25°C), which probably contributes to the good foaming 
and emulsification properties exhibited by egg albumen. The surface tension of 
an 12.5% solution of albumen at pH7.8 is 49.9 dynes cm-1 (24°C) (Peter and Bell, 
1930). 
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1.5 Functional Properties of Proteins 
1.5.1 Definition 
'Functional properties" are defined as those physico-chemical 
properties which affect the behaviour of proteins in food systems during 
processing, storage, preparation and consumption (Kinsella, 1982). It is these 
characteristics which influence the texture and organoleptic properties of food. 
Functional properties include gelation, foaming, emulsification and solubility. 
The functional properties of proteins reflect the intrinsic properties 
of the protein (composition and conformation), as affected by processing 
treatments (e. g. heating, storage, drying), environmental factors (e. g. pH, 
temperature, ionic strength) and interaction with food components (eg, water, 
ions, lipids, carbohydrates) (Kinsella, 1976,1982; Pour-El, 1981). 
1.5.2 Methods for the Evaluation of Functional Properties 
Functional properties of proteins have not received systematic 
treatment in terms of definition, classification or standardisation of methods for 
their determination (Pour-El, 1981). 
Differences in the method and approach used to measure functional 
properties render the comparison of tests for a given property virtually 
impossible. Furthermore, the method employed and the equipment used affect 
the final assessment. It is therefore generally agreed that there is a need for 
standard tests to be developed (Kinsella, 1976; Pour-El, 1981; Kilara, 1984; 
Harper, 1984; Patel and Fry, 1987). 
Various approaches have been suggested to determine the functional 
properties of a protein (Pour-El, 1981; Kilara, 1984; Harper, 1984). In the 
simplest form, model systems of well-defined aqueous protein dispersions may be 
tested for functionality, whilst in the most complex form, protein functionality 
may be determined in systems which either simulate closely (model systems) or 
may actually be complete food products (utility test) (Patel and Fry, 1987). 
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Methods used in model tests should not be too far removed from 
those used in actual manufacturing processes e. g. almost without exception 
aerated products are made by whipping, not by air injection, and emulsified 
products are made with a fixed oil content, which should be adopted in a model 
system, and does not involve addition of more and more oil to a protein system 
until the emulsion inverts, as employed in many emulsion capacity tests (West, 
1984). Model systems are not designed to be the ultimate test but they will 
identify which proteins not to use for a particular food system. 
Objectives for determining functional properties may be the 
screening of proteins for potential substitutions in food formulations, to 
determine how protein has been affected by processing conditions, or to attempt 
to relate the structure of a protein to its functionality (Kilara. 1984). 
1.5.3 Solubility 
Solubility is a very important functional property of food proteins 
because many other functional properties, e. g. foaming, emulsification and 
gelation, depend on the protein being soluble (Kinsella, 1976). Thus solubility 
behaviour provides a good index of the functionality of a protein and its potential 
applications (Mattil, 1971; Betschart, 1974). Furthermore, solubility is perhaps 
the most practical index of the extent to which a protein is denatured(Joly, 
1965b). 
Solubility of a protein is affected by many factors such as protein 
source and processing history (Tybor et al., 1973; Mattil, 1971; Betschart, 1974; 
Lawhon and Cater, 1971; Shen, 1976). 
Methods and terminology for determining solubility of proteins have 
been critically reviewed by Patel and Fry (1987) and Kinsella (1976). Methods 
generally consist of preparing a protein solution at a given concentration, 
temperature and pH, centrifuging it to remove the insoluble material and 
determining the protein (or nitrogen) in the supernatant. Solubility of a protein 
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over a range of pH values is usually determined. It is important to bear in mind 
that conditions of the solubility determination, such as protein concentration, 
method of dispersal, pH, temperature, salts and their concentration, and 
centrifugation conditions affect the solubility of a protein (Lawhon and Cater, 
1971; Shen, 1976; Mattil, 1971; Betshart, 1974). 
Most proteins show typical pH-solubility profiles with minimum 
solubility in the isoelectric region where electrostatic interactions are maximal. 
This behaviour can be altered by salts which may counteract these attractive 
forces and cause solubilisation (salting-in), even at the isoelectric region. von 
Hippel and Wong (1964) have systematically determined the effects of various 
anions and cations on protein solubility (salting-in and salting-out capacity). Ions 
affect protein solubility via electrostatic, hydration and water structuring 
effects and the effect of an ion depends upon its concentration and charge (von 
Hippel and Wong, 1964; Damodaran and Kinsella, 1982). 
1.5.4 Gelation 
Protein gels are composed of three-dimensional matrices or networks 
of intertwined, partially associated polypeptides, in which water, fat and other 
food components are entrapped (Kinsella, 1976). 
Plasma and egg albumen gels are obtained by heating, so this 
discussion is limited to heat-induced protein gelation. Gels can also be formed 
by addition of salts and changes in pH (Kinsella, 1976; Schmidt, 1981). 
The various methods for the preparation and testing of heat-induced 
protein gels has been critically discussed by Patel and Fry (1987) and Schmidt 
(1981). The procedures for gelation tests generally involve dispersion of the 
protein, its setting and the subsequent measurement of one or more properties of 
the gel. Howell and Lawrie (1984a)have devised a cake-type model system for 
the study of gelation of small quantities of proteins. 
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The gelation process has been defined as a protein aggregation 
phenomenon in which polymer-polymer and polymer-solvent interactions are so 
balanced that a well ordered network or matrix is formed (Schmidt, 1981). The 
physico-chemical phenomenon of protein aggregation-gelation and/or coagulation 
are physical manifestations of protein denaturation (Hermansson, 1979; Joly, 
1965a). 
Ferry (1948) has proposed that heat induced gelation proceeds via a 
two-step mechanism. This involves initial unfolding or denaturation of the 
protein molecule followed by an aggregation step in which association and 
aggregation reactions occur resulting in gel formation. 
Globular protein gels are described by the 'string of beads' model of 
Tombs (1970). It is thought that thermally induced aggregates are constructed 
from partially unfolded protein molecules still in a corpuscular form rather than 
from random chain association (Tombs, 1970). The gels form as a result of 
association of molecules to produce small spherical aggregates which link to 
form linear strands. This is followed by interaction of the strands to give the gel 
mesh. 
The gel network is characterised by a certain degree of order. This is 
dependent upon the aggregation step proceeding at a slower rate than the 
unfolding step (Ferry, 1948) When aggregation occurs simultaneously a coarse, 
less structured gel may form composed of larger spherical aggregates. 
Protein-protein interactions are necessary for the cross-linking and 
stabilisation of the network. Interactions may involve ionic, hydrophobic, 
hydrogen or disulphide bonds, or a combination of these (Schmidt, 1981). The 
types vary quantitatively and qualitatively with different protein gels. The 
cross-linking combined with the fluidity of the immobilised solvent give gels 
their characteristic strength, elasticity and flow behaviour. 
Factors which affect the formation and properties of protein gels 
such as heating time and temperature, protein concentration, pH, salts and 
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protein sulphydryl content have their effect by altering either the rate of protein 
unfolding or the rate and extent of protein-protein interactions (Mangino, 1984). 
Clark and Lee-Tuffnell (1986) have recently reviewed globular 
protein gel formation from a physico-chemical standpoint and with an emphasis 
on structural properties and mechanical behaviour of gels. 
1.5.5 Foaming 
Foaming or whipping, ie, the capacity to form stable foams with air 
is an important function of proteins in several food products, such as cakes, 
sugar confectionary and whipped desserts (Mansvelt, 1976). 
Methods for the evaluation of foaming properties of proteins have 
been critically discussed by Kinsella (1976) and Patel and Fry (1987). Tests of 
foaming power involve the dispersion of a protein, incorporation of gas to 
prepare a foam and subsequent measurement of properties such as foam volume 
and stability. While the foaming capacity of a protein is an important criterion, 
to determine the stability of foams in the presence of other food ingredients (eg, 
salts, sugars), at different pH values and when subjected to heating is equally 
important. Recently a standard whipping test has been developed and evaluated 
by Patel et al., (1988). 
Numerous factors affect the foaming properties of proteins, including 
protein source, concentration, solubility and pH, temperature, salts and sugars 
(Kinsella, 1976; Hailing, 1981; Kinsella, 1981). 
Proteins stabilise foams by foaming a flexible cohesive film around 
air cells (Dickinson and Stainsby, 1982). 
In a protein foaming system three sequential steps are involved 
(Kinsella, 1981; MacRitchie, 1978). Initially the proteins molecules diffuse to 
the air-water interface, concentrate and reduce surface tension, then some 
unfolding of the adsorbed polypeptides occurs at the interface (surface 
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denaturation) with concurrent reorientation (polar moieties toward the water), 
and finally, interactions between the polypeptides occur to form a continuous 
film around the air cells. 
Association of the protein molecules involves hydrogen bonds, van der 
Waals forces, electrostatic interactions and disulphide bonds (Mita et al., 1977, 
1978). Proteins forming films must exhibit a critical balance between their 
ability to engage in limited inter-molecular cohesion required to form a stable 
elastic membrane and their tendancy to self-associate excessively which would 
result in aggregation and breakdown of foams (Crumper, 1953). 
Foamability of a protein depends on the rate at which protein 
molecules diffuse to the interface and adsorb, and the ease with which they 
surface denature (unfold) (Graham and Phillips, 1976; Phillips, 1981). These 
factors depend on the molecular weight, surface hydrophobicity and internal 
bonding(flexibility)of the molecule. 
All foams are inherently unstable. Although loss of gas contributes 
to foam collapse (related to resilience of the interfacing film to rupture and 
permeability to gas) the main factors determining stability lie in the aqueous 
phase. The rate of gravitational-induced drainage and capillary driven drainage 
depend on the viscosity, density and surface tension of the bulk liquid phase 
(Mangino, 1984; Stainsby, 1986). However, stability of very persistent foams is 
related ultimately to the rheological properties of the adsorbed protein layers 
(Graham and Phillips, 1976; Phillips, 1981). 
Some of the properties desired for facile foam formation (molecular 
flexibility) do not ensure stability while molecular characteristics which convey 
foam stability (intermolecular interactions and cohesiveness) are not compatible 
with facile foam formation (Phillips, 1981; Graham and Phillips, 1976). Foam 
theory has been reviewed comprehensively by Mitchell (1986), Stainsby (1986) 
and Hailing (1981). 
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1.5.6 Emulsification 
Oil in water emulsions include products such as soup, sauces, toppings 
and comminuted meat products. 
The emulsification process involves two stages, namely the formation 
of an emulsion and its stabilisation. Formation of an emulsion involves the 
ability of a protein to assist the separation of oil into distinct globules, 
homogeneously distributed throughout the continuous aqueous phase. 
Stabilisation of the emulsion relates to maintaining homogeneity of the 
dispersion of oil on storage. 
The main stages of any functionality test for emulsion properties can be 
divided into pre-homogenisation (protein concentration and choice of oil phase), 
homogenisation (method) and emulsion assessment (Patel and Fry, 1987). Assessment 
of emulsions includes measurement of emulsion capacity (the amount of oil emulsified 
by a protein under given conditions), emulsion activity (the area of interface stabilised 
per unit weight of protein) and emulsion stability (Patel and Fry, 1987; Kinsella, 1976; 
Friberg, 1976; Hailing, 1981). The oil globule size distribution may also be measured 
and given as indication of the state of the emulsion. 
Emulsions like foams are inherently unstable. 'Stabilisation' involves 
slowing the processes of emulsion breakdown to an acceptable degree. Emulsion 
breakdown involves the deteriorative processes of creaming, flocculation, coalescence 
and separation (Stainsby, 1986). The chemical nature of the oil phase is of great 
significance in food emulsions as the presence of liquid crystals in the interface 
enhances stability whilst crystalline fat can diminish stability (Stainsby, 1986). 
Emulsification and foaming rely on the behaviour of proteins at interfaces 
rather than in bulk solutions. 
Formation of an emulsion is analogous to formation of a foam. Emulsifiers 
work in an oil-water system much as they do in an air-water system to lower 
interfacial and surface tension and to provide a kinetic barrier to bubble coalescencae. 
Thus a protein that is utilised to form an emulsion will require many of the same 
properties as one required to form a stable foam. 
However it is in stability that differences between emulsions and foams are 
most apparent. 
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1.5.7 Functional Properties of Blood Plasma and Eqq Albumen 
Blood plasma and egg albumen possess a similar range of functional 
properties (Ranken, 1977,1980; Baldwin, 1986) ie, solubility, emulsification, 
foaming and gelation. 
A review of the studies undertaken to investigate the functional 
properties of blood plasma is presented in Section 3.1 
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1.6 
1.6.1 General 
Modification of Food Proteins 
Protein modification refers to the intentional alteration of protein 
structure and physical properties by physical, enzymatic or chemical agents to 
improve functional properties (Kinsella, 1977; Jimenez-Flores and Richardson, 
1987; Feeney and Whitaker, 1985; Kester and Richardson, 1984; Shukla, 1982; 
Fox et al., 1982; Kinsella and Shetty, 1979; Feeney, 1977). 
Intentional modification of food proteins may also lead to a better 
understanding of the structure-function relationships that govern food protein 
functionality. A basic understanding of the role that structure plays in 
determining functionality is required before modification schemes can be 
designed intentionally to tailor preparations of proteins for specific food 
applications. 
1.6.2 Chemical Modification 
Chemical modification entails the derivatisation of the amino acid 
side chains in a protein. 
The different chemical properties of the various amino acid side 
chains provide a basis for their differential modification. The typical reactions 
are often classified on the basis of the type of reagents used, e. g. acylation 
(Means and Feeney, 1971). There are a number of functional groups on the amino 
acid side chains available for chemical derivatisation (Table 1.1). 
Table 1.1 Amino Acid Side Chains Available for Chemical Modification 
(Feeney, 1977) 
Side Chain Commonly used modifications 
Amino Alkylation, acylation 
Carboxyl Esterification, amidation 
Disulphide Oxidation, reduction 
Imidazole Oxidation, alkylation 
Indole Oxidation, alkylation 
Phenolic Acylation, electrophilic-substitution 
Sulphydryl Alkylation, oxidation 
Thioether Alkylation, oxidation 
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Modification reagents are usually directed towards side chains of a 
specific type but few are completely specific resulting in side reactions (Means 
and Feeney, 1971). Numerous texts and reviews describe the various types of 
derivatisation reactions (Means and Feeney, 1971; Llundblad and Noyes, 1984a, b; 
Glazer, 1970,1976; Feeney et al., 1982; Hirs, 1967; and Hirs and Timasheff, 
1972). 
The susceptibility of a single amino acid side chain to modification is 
dependent upon the inherent reactivity and accessibility of the side chain 
functional groups, the reaction conditions employed, the properties of the 
modifying agent. and the polarity and charge of adjacent amino acid side chains. 
Chemical modification has been an effective tool for fundamental 
investigation of protein conformation and enzymatic mechanisms (Hirs and 
Timasheff, 1972; Means and Feeney, 1971; Llundblad and Noyes, 1984a, b). 
However, many of the methods for modifying protein side chains listed in 
Table 1.1 are unsuitable for the treatment of foods. Careful consideration of the 
safety and acceptability of chemically modified foods is required. Concerns 
surrounding chemical modification of food proteins include the loss of nutritional 
value, toxicity, organoleptic properties, interaction with other foods consumed 
and reversibility of modification (Feeney and Whitaker, 1985). Barriers to 
chemical modification of food proteins may also include aesthetic, cultural, legal 
and economic aspects (Feeney, 1977). 
Chemical modification procedures employed in the manufacture and 
processing of foods include alkali treatment (Kinsella, 1977) and the addition of 
various redox reagents to flour and bakery products (Bloksma, 1978; Fitchett and 
Frazier, 1986). However, chemical modification procedures applied to food 
proteins for the alteration or extension of their functional performance have 
included derivatisation of amino groups (acylation, alkylation) and carboxyl 
groups (esterification, amidation), covalent attachment of phosphates and 
carbohydrates, and reduction and reoxidation of disulphide bonds. 
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1.6.2.1. Modification of the Amino Groups 
Acylation 
The most common modification of food proteins involves acylation 
with acid anhydrides (Equation 1) 
H 
ý--N H 
2+ 
ýC 
-R --ýj ©- NH -- C-R+HX (1) 
0' 
Ö 
Mono- and di-carboxylic acids such as acetic and succinic anhydride 
are commonly used as acylating reagents. Under the usual reaction conditions 
the E-amino groups of lysine are acylated most readily (Means and Feeney, 
1971). Acetylation with acetic anhydride involves covalent attachment of 
neutral acetyl groups to the positively charged E -amino groups, whilst reactions 
with succinic anhydride introduces anionic succinate residues to the E-amino 
group (Means and Feeney, 1971). As a result the net charge on the protein 
becomes more negative, reflected in a lower pI (Habeeb, 1958). 
Succinylated and acetylated proteins exhibit extensive differences in 
their physical properties (Habeeb, 1958; Kinsella and Shetty, 1979; Franzen and 
Kinsella, 1976a, b). However, in general, the greater net negative surface 
charge on the protein results in conformational changes (unfolding) due to charge 
repulsions, with concomitant exposure of buried hydrophobic residues. 
In general acylated proteins exhibit increased solubility and 
hydration, enhanced emulsifying properties, enhanced foaming capacity but poor 
foam stability, and greater heat stability, over the native protein 
(Jimenez-Flores and Richardson, 1987). Functional properties of acylated 
proteins appear to depend upon the variations introduced in net surface charge 
exposure of hydrophobic residues and the hydrophobic-hydrophilic balance of 
amino acid residues (Jimenez-Flores and Richardson, 1987). 
Succinylated lactalbumin has been evaluated in several practical food 
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applications including salad dressings, coffee whiteners, and meat products 
(Thompson and Reniers, 1982; Thompson et al., 1982). 
The nutritional quality (PER) and digestibility (in vitro) of acylated 
proteins have been investigated by a number of workers, and appear to be 
dependent on the type of protein, the extent of protein modification and the type 
of acylating agent used (Eisle et al., 1981; Groninger and Miller, 1979; Goulet et 
al., 1987; Matoba and Doi, 1979; Sui and Thompson, 1982). Feeding trials 
revealed that the nutritional quality as measured by the PER was less than that 
of untreated protein, particularly at high levels of acylation. Acetylated 
proteins gave better growth response than succinylated protein. 
Reductive Alkylation 
Reductive alkylation has not been used extensively to improve 
functional properties of food proteins. Specific methylation of E-amino groups 
of lysine can be accomplished via a reaction with formaldehyde and sodium 
borohydride or sodium cyanoborohydride (Means and Feeney, 1968) (Equation 2). 
©-N H2± HCHON. 1 H4 j @-N (C H3 )2 (2) 
Reductive alkylation does not involve a charge change on the protein 
molecule. A number of studies suggest that reductive methylation exerts 
minimal effect on the protein character (Olsen et al., 1978; Rowley et al., 1979). 
Substituents of different sizes and polarity (Sen et at., 1981) and 
sugar based substituents (glycosylation) (Lee et al., 1979) have been introduced 
to food proteins using reductive alkylation. 
1.6.2.2 Modification of the Carboxyl Group 
Modification of the carboxyl groups of asparty! and glutamyl 
residues, non-essential amino acids in the diet, have been recently investigated 
to a limited extent. 
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Esterification 
In the presence of an appropriate alcohol containing an acid catalyst 
such as hydrochloric acid, proteins can be esterified simply by suspending them 
in the medium (Fraenkel-Conrat et al., 1945) (Equation 3). 
©-COO + ROH " ©-COOR (3 ) 
Methanol and ethanol readily form derivatives, however, with longer 
chain alcohols it becomes increasingly difficult to prepare esters (Means and 
Feeney, 1971). Esterification of ß-lactoglobulin with methanol or ethanol occurs 
over a period of several days at 4°C with the protein actually dissolving in the 
alcohol as esterification proceeds (Means and Feeney, 1971). Esterification 
blocks the negatively charged carboxyl groups yielding a protein with an 
increased net positive charge, reflected by an increase in pI (Mattarella and 
Richardson, 1982). 
Changes in the net charge and concomitant changes in the 
conformation and hydrophobicity of esterified proteins are reflected by an 
alteration in their physical and functional properties (Halpin and Richardson, 
1985; Mattarella and Richardson, 1982,1983; Mattarella et al., 1983). Most 
notably, esterification of 8-lactoglobulin leads to a decrease in the surface and 
interfacial tension. It is interesting to note that ethyl esterified 8-lactoglobulin 
exhibits unique emulsion stability and oil adsorption properties at the oil-water 
interface over native and methyl and butyl esterified 8-lactoglobulin. 
Strong electrostatic interaction of esterified ß-lactoglobulin and 
casein micelles in bovine milk has been reported by Mattarella and Richardson 
(1982). Coagulation of skim milk mediated by positively charged proteins has 
also been reported by other workers (di Gregorio and Sisto, 1981; Green and 
Marshall, 1977). It has been suggested that esterified polycationic proteins may 
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he used as electrostatic coagulants for the proteins in milk to form cheese-like 
structures (di Gregorio and Sisto, 1981). 
Since the acidic amino acids are non-essential for humans the 
nutritional quality of the esterified proteins should not be adversely affected by 
their derivatisation. In vitro enzymatic digestibility studies have shown the rate 
of tryptic hydrolysis was enhanced in ethyl-esterified and methyl-esterified 
ß-lactoglobulin over the native protein, possibly due to the unfolding of the 
molecule as a result of charge repulsions (Mattarella et at., 1983; Sri Ram and 
Maurer, 1957). However the rate of peptide hydrolysis was decreased by 
esterification of ß-lactoglobulin (Mattarella and Richardson, 1983). The 
bioavailability and nutritional quality clearly requires investigation. 
Amidation 
Carboxyl groups can also be modified by amidation. Amidation is 
accomplished via a carbodiimide-mediated condensation of carboxyl groups of 
proteins with nucleophilic reagents (amines) (Hoare and Koshland, 1967) 
(Equation 4). 
©--COO ± NHS 
R_N: CsN-11, 
©-CORN? (4 ) 
Nucleophilic reagents such as glycine methyl ester (Ma and Holme, 
1982; Ma et al., 1986; Poole et al., 1987a) and ammonium ions (Mattarella et al., 
1983; Mattarella and Richardson, 1982,1983) have been employed for the 
amidation of food proteins. 
Similar changes in the physical properties of proteins to those arising 
from esterification have been recorded, i. e. increase in pI, with concomitant 
conformational changes and enhanced surface hydrophobicity (Mattarella and 
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Richardson, 1982,1983; Mattarella et al., 1983; Ma et al., 1986; Ma and Holme, 
1982). However, amidation of egg albumen and ß-lactoglobulin was reported to 
offer no advantage in terms of extending the functional properties over those of 
the native protein. 
Rates of enzyme hydrolysis of amidated 8-lactoglobulin by trypsin 
and pepsin were found to be enhanced and inhibited respectively. Amidation had 
greater effect on the rates of hydrolysis of ß-lactoglobulin than esterification 
(Mattarella and Richardson, 1983). As in the case of esterified proteins, the 
bioavailability and nutritional quality requires investigation. 
1.6.2.3 Modification by Oxidation and Reduction 
Hydrogen peroxide, a strong oxidising agent, is widely used in food 
processing. For instance, hydrogen peroxide has been used to enhance the 
functional properties of skim-milks for sponge bread baking (Guy et at., 1968) 
and egg white in angel cakes (Cunningham and Cotterill, 1962). 
The sulphur amino acids methionine and cysteine/cystine are 
converted into various oxidised forms, eg, methionine sulphoxide, methionine 
sulphone, by heat treatment and/or oxidising agents under mild heat treatment 
(Chang et al., 1982). Hydrogen peroxide treatment of food proteins has been 
reported to decrease protein nutritional quality. Bioavailibility of the various 
oxidised forms of methionine and cysteine/cystine differ depending on their 
degree of oxidation (Ander son et al., 1975). 
Oxidising and reducing agents (improvers) are used by the baking 
industry to modify the performance of flours and improve eating quality of bread 
biscuits, pastry and cakes (Fitchett and Frazier, 1986). Flour improvers of 
modern commercial importance include azodicarbonamide, halogenates, L- 
ascorbic acid, L-cysteine and peroxides for bread flour, sulphites for biscuit flour 
and chlorine for cake flour (Blockma , 1978; Fitchett and Frazier, 1986). It is 
generally thought that the improvers interact with sulphydryl groups and 
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disulphide bonds of the gluten proteins of wheat flour to improve the physical 
characteristics of the dough and hence its functional properties. (This aspect is 
further discussed in section 6.1). 
1.6.2.4 Modification by Covalent Attachment of Phosphates and Sugars 
Phosphorylation 
Phosphate groups can be covalently attached to proteins by an 
assortment of techniques (Matheis and Whitaker, 1984). The most widely used 
procedure is the reaction with phosphorus oxychloride (Equation 5). 
©--NH= + POC13 H30 ©-1'1H - PO(O2H) (5) CHCI 
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Chemical phosphorylation of proteins may involve derivatisation of 
the hydroxyl oxygen of serine and threonine residues (Matheis et al., 1983) and 
histidine (Woo et al., 1982). The procedure involving phosphorus oxychloride 
generates crosslinks (phosphate bridges or isopeptide linkages) within the protein 
structure (Matheis et al., 1983; Woo et al., 1982). 
Changes in the functional properties of a number of food proteins 
subject to phosphorylation are summarised by Jimenez-Flores and Richardson 
(1987). In general, phosphorylation enhances viscosity, water absorption, 
gelation and emulsification properties of proteins. Because of the hydrophilic 
nature of the incorporated phosphate groups an increase in the water solubility 
would be expected. However, aqueous solubility is reported to decrease, and is 
thought to be a result of the crosslinks in the protein through reaction with 
phosphorus oxychloride. In addition, the interaction of phosphorylated proteins 
and calcium (Ca2+) has been reported (Woo and Richardson, 1983). A solution of 
phospho-8-lactoglobulin (6%) readily gelled in the presence of Ca 
2+ (100 mM) at 
pH 5.0 without thermal treatment. The fluid yoghurt-like gel possibly formed 
via calcium crosslinks between negatively charged phosphate groups. 
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In vitro digestibility of phosphorylated proteins with proteolytic 
enzymes indicate that they are readily digestible (Matheis and Whitaker, 1984). 
In vivo digestibility has also been reported for phosphorylated casein (Matheis et 
al., 1983). The microbial bioassay indicated that phosphorylation did not affect 
the proteolysis and utilisation of the amino acids. However, feeding studies using 
mammals must verify these encouraging findings. 
Glycosylation 
Maltose and ß-cyclodextrin have been covalently attached to 
ß-lactoglobulin using a cyclic carbonate procedure which activated the sugar 
(Waniska and Kinsella, 1984). The amino acid groups were the primary site of 
glycosylation although the hydroxyl and sulphydryl groups were also partially 
glycosylated. (This is an example of reductive alkylation). In addition, 
glucosamine and glucoseamineoctaose have been used to modify ß-lactoglobulin 
after activation of the carboxyl groups in the protein with a carbodiimide 
(Waniska and Kinsella, 1984). The carboxyl groups were the primary sites of 
modification in this case. 
The glycosylated derivatives exhibited increased viscosity which 
increased with the extent of derivatisation. 
Glycosylation of the amino groups of ß-lactoglobulin with gluconic 
and melibionic acids using a carbodiimide to activate the carboxyl groups of the 
carbohydrates has also been reported (Kitabatake et al., 1985). Derivatives 
exhibited excellent solubility and heat stability. 
Lee et al. (1979) have studied the influence of covalent attachment 
of glucose, fructose and lactose to casein (via reductive alkylation of lysine in 
the presence of sodium cyanoborohydride) on the nutritive value of casein. Their 
findings revealed that in vitro digestion by a-chymotrypsin was lowered by 
modification, and growth rates of rats fed the modified caseins, especially the 
glucose derivative, was very significantly reduced. However, Waniska and 
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Kinsella (1984) report that the rate of hydrolysis of maltosyl and glucosaminyl 
derivatives of ß-lactoglobulin increased with the number of residues attached to 
the protein. 
1.6.2.5 Alternative Uses for Chemical Modification of Food Proteins 
In addition to improving functional performance there are many 
different purposes for chemical modification of food proteins (Feeney et al., 
1982; Feeney and Whitaker, 1985), such as blocking deteriorative reactions 
(Maillard reactions) and improving nutritional properties. Acetylation (Bjarson 
and Carpenter, 1970) and reductive alkylation (Lee et al., 1978) have been 
proposed as means of blocking the E -amino groups of lysine involved in Maillard 
reactions, and covalent attachment of essential amino acids by the formation of 
isopeptide bonds has been investigated as a means to improve the nutritional 
properties of proteins (Puigserver et al., 1982). 
1.6.3 Deteriorative Reactions 
Alteration of the chemical structure and properties of food proteins 
can also be caused by deterioration reactions during processing and storage, such 
as Maillard reactions and alkaline degradations. A discussion of these 
unintentional modifications is beyond the scope of this study. However, these 
modifications have been recently discussed by Satterlee and Chang (1982). 
1.6.4 Modification of Food Proteins by Other Methods 
1.6.4.1 Physical Methods 
Changes in protein functional performance can be achieved through 
thermal treatment i. e. partial denaturation (Richert et al., 1974); biopolymer 
complexing e. g. with carbohydrates (Hansen and Black, 1972; Mann et al., 1975); 
and texturisation (Kinsella, 1977). 
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1.6.4.2 Enzymatic Methods 
Enzymatic modification of food proteins to enhance functional 
properties can be divided into two areas, namely hydrolysis or degradative action 
(Phillips and Beuchat, 1981) and biosynthetic reactions including the plastein 
reaction (Fujimaki et al., 1977), cross-linking reactions i. e. formation of 
polymers (Motoki and Noi, 1983) and attachment of specific groups e. g. amino 
acids, phosphates (Bingham, 1976; Sung et al., 1983; Yamashita et al., 1979). 
1.6.4.3 Genetic Methods 
Jimenez-Flores and Richardson (1987) have discussed the use of 
genetic manipulation of the primary sequence of proteins as a means for the 
selective, structural modification of food proteins. They suggest 
oligodeoxynucleotide site-directed mutagenesis may be used to modify food 
proteins such as bovine casein. 
1.6.4.4 Hydrolysis 
The usefulness of food proteins can be extended by partial hydrolysis, 
using acid (Matsudomi et al., 1982,1985a, b) and alkali treatments (Whitaker and 
Feeney, 1983). 
1.6.4.5 Cationic Derivatives 
As amphoteric molecules, food proteins can bind both anions and 
cations (Wallace and Satterlee, 1977). Cationic derivatisation of proteins 
(e. g. sodium soy isolates) possess improved wettability, dispersibility and 
handling properties. Furthermore, the nature of the cation can alter the 
functional behaviour of the proteins (Shukla, 1982). 
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1.6.5 Chemical Modification of Egg Albumen and Eqq Albumen Proteins 
Functional properties of egg white proteins have been altered through 
a variety of chemical reactions, although acylation with acid anhydrides has 
received most attention. 
1.6.5.1 Modification of the Amino Group 
Acylation has been reported to enhance the foaming properties of egg 
white proteins (Gandhi et al., 1968a; Ball and Winn, 1982; Kato et al., 1985). The 
performance of acylated egg white proteins in cakes has been investigated and 
appears to depend on the acylating agent and extent of modification. For 
instance low levels of glutaration (5-50%) improved angel cake volume whilst 
more extensive glutaration (60-90%) resulted in a poor performance (Gandhi et 
al., 1986a). In addition, acetylation (24-48%) was found to decrease angel cake 
volume whilst succinylation (24-48%) had no effect on cake volume (Ball and 
Winn, 1982). Ma et al. (1986) demonstrated that layer cake performance was 
improved at low and high levels of succinylation. Differences in the 
performance of acylated egg albumen in cakes and in different cake systems is 
thought to be related to the heat stability and foaming properties of the 
modified egg (Ma et al., 1986; Gandhi et al., 1968a; Ball and Winn, 1982). 
Emulsification properties of egg proteins appear to parallel their 
foaming properties in response to acylation (Kato et al., 1985; Gandhi et al., 
1968a), although Ma at al. (1986) found that succinylation improved 
emulsification properties having exhibited poor foaming properties. 
Glutaration and succinylation have been shown to enhance the heat 
stability of egg albumen proteins (Gandhi et al., 1968a; Sato and Nakamura, 
1977; Ball and Winn, 1982; Ma and Holme, 1982; Ma et al., 1986). Mechanical 
failure studies showed that succinylated egg white produced very strong and 
highly deformable gels (Montejano, 1984a), but that the mechanical failure 
characteristics of native and acetylated egg were not very different. The 
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differences in the mechanical properties of acetylated and succinylated egg 
white gels suggests that acetylated egg white proteins respond to heat 
treatment differently (Montejano et al., 1984a and b). The freeze-thaw stability 
of cooked egg white gels is improved by succinylation (Gossett et al., 1983). 
1.6.5.2 Modification of the Carboxyl Groups 
Amidation using glycine methyl ester did not cause marked changes 
in functional or baking properties of egg white (Ma et al., 1986). This aspect is 
discussed in section 5.1. 
1.6.5.3 Modification by Oxidation and Reduction 
Mild oxidative treatment with potassium persulphate has been shown 
to improve the foam formation and leavening of angel cakes (Gandhi et al., 
as 
1968b), although the severity of the trgatment increased the foaming and 
leavening ability of oxidised egg white decreased. However, the oxidative 
treatment did not significantly affect the emulsification ability (Gandhi et al., 
1968b). 
Oxidative destruction of the sulphur-amino acids with hydrogen 
peroxide (Snider and Cotterill, 1972) and reduction of the disulphides with 2- 
mercaptoethanol (Hirose et al., 1986; Oe et al., 1986) causes egg white to gel at 
low temperatures, 25°C and 35°C respectively, after standing for up to 24 hours. 
Conalbumin was identified as the primary source of the reduced disulphide bonds 
(Hirose et al., 1986; Oe et al., 1986). The overall effect of each treatment 
appears to be the loss of native structure (denaturation) and subsequent 
interactions (aggregation) with time, resulting in a gel structure. 
of 
The effect/oxidising agents on the physical properties of egg albumen 
have been reviewed by Gandhi et al. (1968a, b) and Snider and Cotterill (1972). 
Studies were discussed in relation to the effect of heat denaturation of egg white 
proteins. 
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1.6.6 Chemical Modification of Blood Plasma 
There are a limited number of studies concerning the chemical 
modification of blood plasma proteins in relation to the alteration and extension 
of its functional properties. 
The effect of acylation on the emulsifying properties of BSA was 
studied by Waniska et al. (1981). Succinylation improved the emulsifying activity 
of BSA in the pH range 5-10 but acetylation had little effect on the emulsifying 
activity. 
Reducing agents such as sodium sulphite have been found to impair 
the emulsifying activity of BSA (Waniska et al., 1981). Furthermore, reducing 
agents have also been shown to affect the strength of BSA gels formed by 
heating (Howell and Lawrie, 1985). Sodium sulphite. cysteine hydrochloride and 
ß-mercaptoethanol reduced the gel strength and breaking strength of the BSA 
gels. The reducing agents were thought to have their effect through the 
reduction of the disulphide bonds which play an important role in the gelation of 
BSA. 
More recently amidated derivatives of BSA have been prepared and 
the interaction of amidated BSA, carrying a net positive charge, with a number 
of native proteins, of a net negative charge, has been investigated (Poole et al., 
1987a and b). Solutions of proteins comprising both negatively and positively 
charged proteins exhibited enhanced foaming and gelation properties. This 
aspect is further discussed in Section 5.1. 
Coprecipitates of blood plasma and milk, and blood plasma and 
sodium hexametaphosphate have been prepared (de Haast et al., 1987; Etheridge 
et al., 1981). The metaphosphate complexing technique was an effective means 
of preparing functional plasma proteins from whole blood plasma, foam volumes 
of solutions of the phosphorylated plasma proteins were greater than those for 
native plasma. 
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1.7 Conclusion 
Bovine blood plasma represents an under-utilised source of high 
quality protein and exhibits a similar range of functional properties, ie, 
solubility, foaming, gelation and emulsification, to egg albumen. Thus, bovine 
blood plasma has the potential for a wide application in bakery products in 
addition to meat products. 
The functional properties of food proteins may be altered and 
extended by chemical modification. A survey of the literature revealed that 
there are a number of different procedures available to chemically modify food 
proteins,, and that investigations have focussed primarily on the derivatisation of 
the E -amino groups of lysine, an essential amino acid using acylation. Chemical 
modification procedures that involve derivatisation of the functional groups of 
non-essential amino acids, eg, carboxyl groups of aspartate and glutamate, have 
received little attention. Derivatisation of non-essential amino acids offers a 
more desirable approach to extend the functional properties of food proteins in 
terms of the nutritional quality of the modified protein. 
The carboxyl groups of food proteins may be modified by the 
procedures of esterification or amidation. Amidation has received little 
attention despite being a flexible and relatively mild approach. 
The use of ascorbic acid to chemically modify the gluten proteins of 
wheat flour as an oxidative improver is well recognised and widely accepted. 
Ascorbic acid is both a vitamin and a permitted additive. Clearly there is scope 
to investigate the effect of ascorbic acid on the functional properties of other 
food proteins. 
There is little specific information concerning the relationship 
between the structure and function of food proteins. In order that proteins may 
be tailored by modification procedures for a specific function the structure- 
function relationship must be more clearly defined. 
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The overall aims of this study were to enhance the functional 
properties of bovine blood plasma proteins and to investigate the relationship 
between the structure and function of bovine blood plasma proteins, with a 
comparison being made to egg albumen proteins. 
Chemical modification procedures were selected with the intention 
of altering and extending the functional properties which would not have a 
deleterious effect on the nutritional quality of the protein. 
CHAPTER 2 
MATERIALS AND METHODS 
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CHAPTER 2 
MATERIALS AND METHODS 
2.1 Preparation and Sources of Proteins 
2.1.1 Collection and Preparation of Bovine Blood Plasma 
2.1.1.1 Chemicals 
All chemicals were of analytical grade from BDH Chemicals 
Limited, Poole, Dorset. 
2.1.1.2 Materials 
Whole blood was supplied by S Chitty and Sons Limited, Guildford, 
Surrey. (see below). 
2.1.1.3 Equipment 
Beckman Model J-6B centrifuge 
VirTis Model Freezemobile 6, freeze drier. 
2.1.1.4 Procedure 
Bovine blood was collected in two 4 litre plastic containers, 
previously rinsed with isotonic solution (0.85% w/v sodium chloride solution), 
and containing sodium citrate as an anticoagulant at a level of 4g litre-1. The 
blood was stored at 4°C. 
Separation of plasma from the blood was carried out within 12 hours 
of blood collection by centrifugation at 35008 for 30 minutes at 4°C. The 
plasma was removed from the red cells by pipette and pooled. The red cells 
were discarded. 
The plasma was transferred to aluminium trays, covered and frozen 
(-40°C) prior to freeze drying. Freeze drying was carried out for 48 hours, or 
until the plasma was completely dry. The dried material was worked with a 
pestle and mortar for 5 to 10 minutes until a fine powder was achieved, and 
stored in an air-tight plastic container at 4OC. Three batches were prepared 
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for analysis. Batch III, comprising a mixture of three individually prepared 
plasma samples, was used for chemical modification studies (Sections 4.2, and 
6.2). 
2.1.2 Regalbumin 
Regalbumin AB41 and AB86 (batch code number designated to an 
uncoded batch received from supplier) were commercially prepared batches of 
dried bovine plasma supplied by Regal Foods Limited, Dublin, Eire (see 
Appendix 1). The plasma was dried on ECAL ball bed driers at about 500C. 
2.1.3 Bovine Serum Albumin 
Bovine serum albumin (BSA), Fraction V powder (96-99%) was 
obtained from Sigma Chemical Company Limited, Poole, Dorset (Catalogue 
no. A4503). 
2.1.4 Egg Albumen 
Egg albumen (Goldova) was supplied as a spray dried powder from 
CH Goldrei Foucard and Sons Limited, Liverpool, (see Appendix 1). 
2.1.5 Ovalbumin 
Chicken egg ovalbumin, Grade III, was obtained from Sigma 
Chemical Company Limited, Poole, Dorset (Catalogue no. A5378). 
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2.2 Compositional Analysis 
2.2.1 Chemicals 
Citric acid ultra-violet test kit: BCL, Boehringer Mannheim, Lewes, 
East Sussex, UK (Catalogue no. 139076). 
Drabkins reagent: Sigma Chemical Company Limited, Poole, Dorset 
(Catalogue no. 525-2). 
Cyanmethaemoglobin standard: BDH Chemicals Limited, Poole, 
Dorset (Catalogue no. 23019). 
All other chemicals were of analytical grade from BDH Chemicals 
Limited, Poole, Dorset, and solvents and acids were of analytical grade and 
obtained from May and Baker Limited, Dagenham, Essex. 
2.2.2 Equipment 
Tecator Kjeltec System I 
Drying oven, 100°C 
Tecator Soxtec System HT 
Electric muffle furnace, 550°C 
Cecil instruments CE 292 digital ultra-violet spectrophotometer. 
2.2.3 Procedures 
The methods employed for determination of the protein, moisture, 
fat and ash content were AOAC methods (Williams, 1984) and determinations 
were made on three replicates. 
2.2.3.1 Crude Protein 
The crude protein content of protein samples, 0.3g, was determined 
by the Kjeldahl procedure, using a Tecator Kjeltec System I in accordance 
with the manufacturer's instructions. Crude protein was calculated using a 
conversion factor of 6.25 (Delaney et al., 1975). 
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2.2.3.2 Moisture 
The moisture content of protein samples, 2-3g, was determined 
using an oven at 1000C for 18 hours. 
2.2.3.3 Fat 
The fat content of protein samples, 4-5g, was determined by direct 
extraction with petroleum ether (40-60°C) using a Tecator Soxtec System HT 
in accordance with the manufacturer's instructions. 
2.2.3.4 Ash 
The ash content of protein samples, 5-10g, was determined using an 
electric muffle furnace at 550°C. 
2.2.3.5 pH 
The pH of 6% (w/v) protein solutions in distilled water was measured 
with a pH meter. 
2.2.3.6 Citrate 
A citric acid ultra-violet test kit was used with 6% (w/v) protein 
solutions in accordance with the manufacturer's instructions. Determinations 
were made in duplicate. 
2.2.3.7 Haemoglobin 
A cyanmethaemoglobin calorimetric method (Van Kampen and 
Zijlstra, 1961) was applied to 6% (w/v) protein solutions. Determinations were 
in duplicate. 
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2.3 Protein Characterisation 
2.3.1 Isoelectric Focusing (IEF) 
A procedure described by Winter et al., (1977) was employed. 
2.3.1.1 Chemicals 
Coomassie Brilliant Blue R-250: Sigma Chemical Company Limited, 
Poole, Dorset (Catalogue no. B0630). 
All other chemicals were of analytical grade obtained from BDH 
Chemicals Limited, Poole, Dorset, and alcohols and acids were of analytical 
grade and obtained from May and Baker Limited, Dagenham, Essex. 
2.3.1.2 Materials 
Ampholine PAG plates, pH3.5-9.5 with accessories: LKB Instruments 
Limited, Croydon (Catalogue no. 1804-101). 
Isoelectric focusing calibration kit: Broad kit pH3-10: Pharmacia 
Limited, Milton Keynes (Catalogue no. 17-0471-01). 
Protein samples diluted with distilled water to 0.25% (w/v), ie, 
2.5mg ml-1. 
2.3.1.3 Equipment 
LKB 2117 Multiphor. 
LKB 2197 Power supply. 
LKB 2219 Multi temp 11 thermostatic circulator. 
2.3.1.4 Reagents 
Electrode solutions: 1M sodium hydroxide (anode), 1M 
orthophosphoric acid (cathode). 
Fixin g solution: 17.25g sulphosalicylic acid and 57.50g 
trichloroacetic acid were dissolved in and made up to 500m1 with distilled 
water. 
Destaining solution: 500m1 96% ethanol was mixed with 160m1 
glacial acetic acid and made up to 2 litres with distilled water. 
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Staining solution: 0.46g Coomassie Brilliant Blue R-250 was 
dissolved in 400m1 destaining solution, then filtered through Whatman No. l 
filter paper. 
Preserving solution: 50m1 glycerol was added to 500m1 destaining 
solution. 
2.3.1.5 Procedure 
Isoelectric focusing was performed on LKB ampholine PAG plates 
(pH3.5-9.5) using an LKB multiphor 2117 in accordance with the 
manufacturer's instructions. A constant power of 30 Watts was maintained 
(1500 V; 50mA) and focusing was performed at 10°C for 90 minutes. The pH 
gradient was determined using an isoelectric focusing calibration kit 
containing 11 standard proteins with known isoelectric points ranging from 
pH3.5 to pH9.3. Protein samples (201il) were applied to the gel surface with 
the aid of sample applicator papers. 
After 90 minutes the gel was immersed in fixing solution for 30 
minutes, then rinsed in destaining solution for 15 to 30 minutes in preparation 
for staining. The gel was stained with staining solution for 10 minutes at 
60°C. Excess stain was removed from the gel by repeated immersion in 
destaining solution. A clear background to the stained protein bands normally 
required at least overnight destaining. To preserve the destained gel for 
future reference, the gel was immersed in preserving solution for 30 to 60 
minutes. The gel was then placed on a glass plate and allowed to dry at room 
temperature for 48 hours. A cellophane sheet was applied to the gel surface 
and the encased gel was stored at room temperature. 
2.3.2 Polyacrylamide Gel Electrophoresis 
Native (non-dissociating), discontinuous polyacrylamide gel 
electrophoresis (PAGE) was carried out using the procedures of Davis (1964) 
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for acidic (and neutral) proteins and Reisfeld et at., (1962) for basic proteins as 
described by Hames (1981). 
Most chemicals and solutions were common to both procedures and 
are described below: 
2.3.2.1 Chemicals 
Coomassie Brilliant Blue, R-250: Sigma Chemical Company Limited, 
Poole, Dorset (Catalogue no. B0630). 
Acrylamide: Sigma Chemical Company Limited, Poole, Dorset 
(Catalogue no. A8887). 
Bisacrylamide (N, N'methylene-bisacrylamide): Sigma Chemical 
Company Limited, Poole, Dorset (Catalogue no. M7256). 
TEMED (N, N, N', N'-tetramethylethylenediamine): Sigma Chemical 
Company Limited, Poole, Dorset (Catalogue no. T8133). 
Ammonium persulphate: BDH Chemicals Limited, Poole, Dorset 
(Catalogue no. 44307). 
Bromophenol Blue: BDH Chemicals Limited, Poole, Dorset 
(Catalogue no. 44305). 
Bromocresol Green: BDH Chemicals Limited, Poole, Dorset 
(Catalogue no. 20012) 
Sigma (pH7-9) Biochemical Buffer (Tris(hydroxymethyl) 
aminomethane, TRIS); Sigma Chemical Company Limited, Poole, 
Dorset (Catalogue no. T1378). 
Glycine: BDH Chemicals Limited, Poole, Dorset (Catalogue no. 
10119). 
ß-Alanine: BDH Chemicals Limited, Poole, Dorset (Catalogue no. 
37009). 
All other chemicals were of analytical grade from BDH Chemicals 
Limited, Poole, Dorset and the acids and solvents were of analytical grade and 
obtained from May and Baker Limited, Dagenham, Essex. 
2.3.2.2 Equipment 
LKB 2001 Vertical electrophoresis unit. 
LKB 2197 Power supply. 
LKB 2219 Multitemp II thermostatic circulator. 
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2.3.2.3 Stock Solutions 
Acrylamide-bisacrylamide (30: 0.8 w/v) prepared by dissolving 30g 
acrylamide and O. 8g bisacrylamide in a total volume of 100ml distilled water. 
The solution was filtered through Whatman No. 1 filter paper and stored at 4°C 
in a dark bottle. 
TEMED: stable as undiluted solution at 4°C in a dark bottle, used as 
supplied. 
Ammonium persulphate: a 1.5% (w/v) solution was prepared by 
dissolving 0.15g ammonium persulphate in 10ml distilled water. The solution 
was prepared fresh just before use. 
2.3.2.4 Staining - Destaining Solutions 
Staining solution: Coomassie Brilliant Blue R-250 was dissolved in a 
mixture of distilled water, methanol and glacial acetic acid, in the ratio 5: 5: 2 
respectively, to a concentration of 0.1% (w/v). The solution was filtered 
through Whatman No. 1 filter paper. 
Fixing solution: prepared by mixing distilled water, methanol and 
glacial acetic acid in the ratio 38: 50: 12, respectively. 
Destaining solution: prepared by mixing distilled water, methanol 
and glacial acetic acid in the ratio 77.5: 12.5: 10, respectively. 
2.3.2.5 Electrophoresis Buffers for Acidic (and Neutral) Proteins 
Stacking gel buffer: Tris-HCI (pH6.8): prepared by dissolving 6. Og 
Tris in 40ml distilled water and titrating to pH6.8 with 1M hydrochloric acid, 
the volume was made up to 100ml with distilled water. 
Resolving gel buffer: Tris-HCI (pH8.8): prepared by mixing 36.3g 
Tris with 48.0ml 1M hydrochloric acid, the volume was made up to 100ml with 
distilled water. The solution was titrated to pH8.8 with 1M hydrochloric acid 
(less than lml) as necessary. 
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Reservoir buffer: Tris-glycine (pH8.3): 3. Og Tris and 14.4g glycine 
were dissolved in and made up to 1 litre with distilled water. 
2.3.2.6 Electrophoresis Buffers for Basic Proteins 
Stacking gel buffer: acetic acid-potassium hydroxide (pH6.8): 
prepared by mixing 48. Oml 1M potassium hydroxide and 2.9m1 glacial acetic 
acid, the volume was made up to 100ml with distilled water. 
Resolving gel buffer: acetic acid-potassium hydroxide (pH4.3): 
prepared by mixing 48. Oml 1M potassium hydroxide and 17.2m1 glacial acetic 
acid and made up to 100ml volume with distilled water. 
Reservoir buffer: acetic acid-ß-alanine (pH4.5): 31.2g ß-alanine and 
8. Om1 glacial acetic acid were dissolved in and made up to 1 litre with water. 
2.3.2.7 Preparation of the Polyacrylamide Gels 
The PAG slabs (140mm height) comprised two types of gel: a 7.5% 
(w/v) resolving or running gel (125mm height) and a 3% (w/v) stacking gel 
(15mm height). 
Resolving gel: sufficient material for two 7.5% gels was mixed 
together as follows: 
Acrylamide-bisacrylamide (30: 0.8 w/v) 15.0m1 
Resolving gel buffer 7.5m1 
1.5% ammonium persulphate 3. Oml 
TEMED 0.03m1* 
Distilled water 34.5m1 
* 0.15m1 under acidic conditions (basic protein system) 
Stacking qel: sufficient material for two 3% gels was mixed 
together as follows: 
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Acrylamide-bisacrylamide (30: 0.8 w/v) 2.5m1 
Stacking gel buffer 5. Oml 
1.5% ammonium persuiphate 1.5m1 
TEMED 0.015ml 
Distilled water 10.0ml 
2.3.2.8 Preparation of Protein Samples 
Protein solutions (0.5% w/v) were prepared in distilled water and 
diluted with an equal volume of the appropriate resolving gel buffer, 
containing 20% sucrose (w/v) and a tracker dye (0.004% w/v). Tracker dye 
bromophenol blue was used for PAGE of acidic proteins or bromocresol green 
was used for PAGE of basic pr_ eins. 
2.3.2.9 Procedure 
A cooled vertical slab gel apparatus was used in accordance with the 
manufacturer's instructions. Two slab gels could be electrophoresed 
simultaneously. Each slab gel was cast between two glass plates (160mm x 
180mm x 3mm) held apart by PVC spacers (1.5mm). Sample wells (10) were 
prepared in the stacking gel with the aid of a comb. 
A volume of 10pl (25pg) protein sample was applied for preparations 
of single proteins (BSA and ovalbumin) and a volume of 2811 (70ug) was applied 
for preparations of mixtures of proteins (bovine blood plasma, egg albumen). 
The above volumes were selected by preparing gels with increasing amounts of 
the protein preparation being applied across the gel (BSA: 2-36p1, ie, 5-90ug; 
and bovine blood plasma: 10-48u1, ie, 25-120µg). 
Electrophoresis was carried out at constant voltage in two stages; 
the first at 120V, whilst the protein was passing into the stacking gel and 
concentrated prior to entry into the resolving gel, then 200V during the 
separation process. The run was marked by the migration of the tracker dyes, 
bromophenol blue (acidic proteins) and bromocresol green (basic proteins). At 
the end of the run the gel slabs were removed from the glass plates and placed 
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in fixing solution for 30 to 60 minutes. The protein bands were then stained by 
immersion of the gels in staining solution overnight at room temperature. 
Destaining of the gel was carried out using successive volumes of destaining 
solution until a clear background to the stained bands was achieved. 
The presence and mobility of the protein samples was then 
determined by eye. 
2.3.3 Determination of Surface and Exposed Hydrophobicity 
The hydrophobicity was determined by the method of Kato and 
Nakai (1980), using cis-parinaric acid (CPA) as a fluorescent probe (Sklar et 
al., 1977; Sklar et al., 1976). 
Protein hydrophobicity may be sub-classed into aliphatic 
hydrophobicity and aromatic hydrophobicity (Hayakawa and Nakai, 1985). cis- 
Parinaric acid is a natural polyene fatty acid which fluoresces under a 
hydrophobic environment and is thought to be useful for determining the 
aliphatic hydrophobicity of proteins. 
2.3.3.1 Chemicals 
cis-Parinaric acid (CPA): K+K Rare and Fine Chemicals, Kodak 
Limited, Kirkby, Liverpool. 
Butylated hydroxyanisole (BHA): Sigma Chemical Company Limited, 
Poole, Dorset (Catalogue no. B1253). 
n-Decane: BDH Chemicals Limited, Poole, Dorset (Catalogue no. 
28001). 
Sodium dodecyl sulphate (SDS): Sigma Chemical Company Limited, 
Poole, Dorset (Catalogue no. L4509). 
All other chemicals were of analytical grade obtained from BDH 
Chemicals Limited, Poole, Dorset. 
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2.3.3.2 Equipment and Operating Conditions 
Perkin-Elmer LS-5 luminescence spectrophotometer, set up as 
follows: 
Excitation: 325nm 
Emission: 420nm 
Slit Width, Excitation: 10mm 
Slit Width, Emission: 2.5mm 
Fixed Scale: 2.0 
2.3.3.3 Reagents 
CPA working solution: a 3.6 x 10-3M CPA solution in absolute 
ethanol, containing 10pg ml-1 BHA. The solution was stored with the 
exclusion of light and in a sealed container at 4°C. 
Phosphate buffer, 0.01M, pH7.4, containing 0.002% (w/v) SDS was 
prepared as follows (Dawson et al., 1972): 
Solution X (0.2M Na2HPO4): 7.16g disodium hydrogen phosphate 
(Na2HPO4.12H20) was dissolved in and made up to 100ml with distilled water. 
Solution Y (0.2M NaH2PO4): 3.12g sodium dihydrogen phosphate 
(NaH2PO4.2H20) was dissolved in and made up to 100ml with distilled water. 
40.5m1 solution X and 9.5m1 solution Y were mixed, 0.02g SDS added 
and the solution made up to 1 litre with distilled water. The pH was checked 
(pH7.4). 
2.3.3.4 Procedure for the Determination of Surface Hydrophobicity 
The procedure was essentially that of Kato and Nakai (1980). 
Stock solutions (0.1% w/v) of the test proteins were prepared in 
distilled water. Each stock solution was diluted with phosphate buffer to 
obtain a range of protein concentrations; 0.001% (w/v) to 0.05% (w/v). The 
series of dilutions was prepared in duplicate. 
To a 2m1 aliquot of each solution, 10u1 CPA was added. The 
parinaric acid-protein conjugate was then excited at 325nm and the 
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fluorescence intensity measured at 420nm. The net fluorescence intensity at 
each protein concentration was determined by substracting the fluorescence 
intensity of each sample without CPA from the fluorescence intensity of the 
corresponding sample containing CPA. 
The method was standardised using 2m1 n-decane and 10u1 CPA, the 
fluorescence intensity being designated as a relative fluorescence intensity 
(RFI) of 45%. The net fluorescence intensity of the test solutions was adjusted 
accordingly, to a relative fluorescence intensity. 
A plot of relative fluorescence intensity (%) against protein 
concentration (%) was made, and the surface hydrophobicity (So) defined as 
the initial slope of this curve. 
Subsequent determinations of the So of proteins were undertaken 
making use of those protein concentrations found to have a linear relationship 
with the relative fluorescence intensity (%), ie, in the case of BSA and bovine 
blood plasma, the range of protein concentrations from 0.001% to 0.01% (w/v), 
whereas in the case of ovalbumin and egg albumen the range of protein 
concentrations from 0.001% to 0.05% (w/v) (see Appendix 2). 
2.3.3.5 Procedure for the Determination of Exposed Hydrophobicity 
The procedure was that of Townsend and Nakai (1983), with 
modifications. 
Stock solutions of the test proteins (1.5% w/v) were prepared in 
distilled water and heated in the presence of SDS (1.5% w/v) at 100°C for 10 
minutes. Following cooling, each solution was diluted with phosphate buffer, 
containing no SDS, and the hydrophobicity was determined as described in 
Section 2.3.3.5. A reagent blank and standard curve for SDS were also 
prepared. 
A plot of relative fluorescence intensity (%) against protein 
concentration (%) was made, the exposed hydrophobicity (S 
e) 
defined as the 
initial slope of this curve. 
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Solutions of 1.5,1.0 and 0.5% (w/v) BSA and ovalbumin containing 
1.5,1.0 and 0.5% (w/v) SDS respectively and treated at 100°C for 10 minutes 
were found to give non-significantly different (p > 0.1) values for the Se of 
BSA and Se of ovalbumin respectively (see Appendix 2). Subsequent 
determinations of the Se of bovine blood plasma, BSA, egg albumen and 
ovalbumin were made on 0.5% (w/v) protein solutions containing 0.5% (w/v) 
SDS. 
2.3.4 Determination of Sulphydryl Groups 
A spectrophotometric method was employed for the determination 
of numbers of sulphydryl groups in proteins (Ellman, 1959). 
2.3.4.1 Chemicals 
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB): Sigma Chemical 
Company Limited, Poole, Dorset (Catalogue no. D8130). 
Guanidine hydrochloride: Sigma Chemical Company Limited, Poole, 
Dorset (Catalogue no. G4505). 
All other chemicals were of analytical grade obtained from BDH 
Chemicals Limited, Poole, Dorset. 
2.3.4.2 Equipment 
Cecil instruments CE292 digital ultra-violet spectrophotometer. 
2.3.4.3 Reagents 
Potassium phosphate buffer, pH7.6 was prepared as follows (Hoshi 
and Yamauchi, 1983): 
KH2PO4 0.354g (2.6mmol) 
K2HPO4 5.662g (32.5mmo1) 
NaCl 23.3608 (0.4mol) 
EDTA-Na2 0.372g (0.1m mol) 
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were dissolved in and made up to 1 litre with distilled water. The pH was 
checked (pH7.6). 
6M Guanidine Hydrochloride buffer, pH7.6 573g guanidine 
hydrochloride was dissolved in and made up to 1 litre with the potassium 
phosphate buffer. The pH was readjusted to pH7.6 by addition of 1M 
potassium hydroxide. 
Sodium phosphate buffer, 0.1M, pH7.0 was prepared as follows 
(Dawson et al., 1972): 
Solution X (0.2M Na2HPO4): 7.168 disodium hydrogen phosphate 
(Na2HPO4.12H2O) was dissolved in and made up to 100ml with distilled water. 
Solution Y (0.2M NaH2PO4): 3.12g sodium dihydrogen phosphate 
(NaH2PO4.2H20) was dissolved in and made up to 100ml with distilled water. 
30.5m1 solution X and 19.5m1 solution Y were mixed and made up to 
100m1 with distilled water. The pH was checked (pH7.0). 
Ellman's Reagent: DTNB, 0.036g, was dissolved in and made up to 
10m1 with sodium phosphate buffer, pH7.0. 
2.3.4.4 Procedure 
The procedure was that Hoshi and Yamauchi (1983), from the 
method of Elfiman (1959). 
To determine the surface sulphydryl groups, stock solutions (0.2% 
w/v) of test proteins were prepared in distilled water. To 1ml aliquots of the 
0.2% (w/v) protein solutions 2m1 of potassium phosphate buffer, pH7.6, was 
added and the solutions mixed. Ellmans reagent, 50111, was then added and the 
solutions mixed again. The absorbance was read at 412nm, after 10 minutes at 
room temperature (22°C). A reagent blank and protein reference were also 
prepared. Determinations were carried out in duplicate. 
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To calculate the numbers of sulphydryl groups (SH) the following 
equation was used (Ellman, 1959): 
Co=A D 
E 
where: Co = original concentration (mol. SH groups) 
A= absorbance at 412nm 
E= extinction coefficient of DTNB, (13,500M cm-1) 
D= dilution factor (3.05). 
The numbers of sulphydryl groups were finally expressed as mol SH 
groups mol-1 protein, for single protein preparations (BSA, ovalbumin) and uM 
SH groups g-1 protein sample for both heterogeneous protein preparations 
(bovine blood plasma, egg albumen) and single protein preparations. 
To determine the total suiphydryl groups, the procedure for surface 
sulphydryls was followed but using 6M guanidine hydrochloride buffer instead 
of potassium phosphate buffer. 
2.3.5 Determination of Disulphide Bonds 
The spectrophotometric method of Hoshi and Yamauchi (1983) was 
adopted for the determination of the numbers of disulphide groups in proteins. 
2.3.5.1 Chemicals 
Sigma (pH7-9) biochemical buffer (Tris(hydroxymethyl)aminomethane, 
Tris): Sigma Chemical Company Limited, Poole, Dorset (Catalogue 
no: T1378). 
Dithiothreitol: Sigma Chemical Company Limited, Poole, Dorset 
(Catalogue no. D0632) 
Nitrogen 
Other chemicals are as detailed in Section 2.3.4.1. 
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2.3.5.2 Materials 
Sephadex G-25: Pharmacia Limited, Milton Keynes, Bucks. 
2.3.5.3 Equipment 
Pharmacia Fraction collector 
Other equipment are as detailed in Section 2.3.4.2. 
2.3.5.4 Reagents 
Reagents are as described in Section 2.3.4.3. In addition: 
9M Guanidine Hydrochloride Buffer, pH7.6: 42.98g of guanidine 
hydrochloride was dissolved in and made up to 50ml with potassium phosphate 
buffer , pH 
7.6 (Section 2.3.4.3). 
0.03M Tris-HCI Buffer, pH8.0 was prepared as follows: 
Guanidine hydrochloride 382.00g (4mol) 
Tris 3.638 (0.03mol) 
EDTA-Na2 3.728 (0.01mo1) 
were dissolved and made up to 1 litre with distilled water. The pH was 
checked and readjustment made to pH8.0 with 1M hydrochloric acid as 
necessary. 
2.3.5.5 Procedure 
Three stages are involved: Firstly, the disulphide bonds are reduced 
using dithiothreitol (Cleland, 1964), then the reducing agent is removed from 
the protein by gel filtration and finally the sulphydryl content of the reduced 
protein is determined (Section 2.3.4.4). 
A 2ml aliquot from a protein stock solution (0.2% w/v) made up in 
distilled water, was mixed with 4m1 9M guanidine hydrochloride buffer. and 
16mg dithiothreitol. The mixture was completely reduced under nitrogen at 
room temperature (22°C) for 4 hours. The reduced protein solution was then 
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subject to gel filtration (Pharmacia, 1984-5). A Sephadex G-25 column of 
dimensions 2.5cm x 10cm (50cm3) was employed and elution of the protein 
from the column carried out with 0.03M Tris-HCI buffer, pH8.0, at I ml 
minute-1. Fractions of I ml were collected and the absorbance at 280nm 
determined. Those fractions containing protein were pooled 
and a lml aliquot removed for the determination of the sulphydryl content 
(Section 2.3.4.4). Aliquots (100u1) were also removed and the protein 
concentration determined by the Coomassie Brilliant Blue method (Section 
2.3.6). 
The disulphide bond (SS) content of the protein was calculated as 
follows (Hoshi and Yamauchi, 1983): 
SH Content of - Total SH of 
Reduced Protein Native Protein = Disulphide 
2 Bonds 
The number of disulphide bonds was expressed as mol SS mol-1 
protein for single protein preparations only. 
2.3.6 Coomassie Brilliant Blue Method for Protein Determination 
The method of Bradford (1976) based on protein-dye binding was 
employed. 
2.3.6.1 Chemicals 
Coomassie Brilliant Blue (CBB) G-250: BDH Chemical Limited, 
Poole, Dorset (catalogue no. 44329) 
All other chemicals used were of analytical grade from BDH 
Chemicals Limited, Poole, Dorset. 
2.3.6.2 Equipment 
Cecil instruments CE 292 digital ultra-violet spectrophotometer. 
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2.3.6.3 Preparation of CBB Reagent 
CBB (96mg) was dissolved in 50m1 96% ethanol. Dilute 
orthophosphoric acid was prepared by adding 100ml orthophosphoric acid (85%) 
to 500ml of distilled water. The diluted acid was then added to the CBB 
solution in ethanol and the total volume made to 1000ml with distilled water. 
This solution was stirred for at least two hours, filtered through Whatman No. 1 
filter paper and stored in a glass bottle. 
The absorbance of the reagent at 465nm was determined. It is 
expected to be 0.80 1 0.10 (zero spectrophotometer with distilled water) and 
the quantity of CBB may be adjusted in the preparation of the reagent as 
necessary to meet this specification. The reagent is stable for four months at 
250 C. 
2.3.6.4 Procedure 
To 10-100u g protein, in a volume of 1001 il (distilled water or 
appropriate buffer was used to adjust all volumes to 1001i1), CBB reagent (5m1) 
was added. The solutions were mixed and after 10 minutes the absorbance was 
measured at 595nm. A reagent blank was prepared. The spectrophotometer 
was zeroed using water. The protein concentration of test samples was 
determined using a calibration curve (0-1001ig) of BSA, prepared in distilled 
water or appropriate buffer. 
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2.4 Functional Property Tests 
2.4.1 Solubility 
The method was essentially that of Shen (1976) with modifications. 
2.4.1.1 Chemicals 
Folin-Ciocalteau reagent: Sigma Chemical Company Limited, Poole, 
Dorset (Catalogue no. F9252). 
All other chemicals were of analytical grade obtained from BDH 
Chemicals Limited, Poole, Dorset. 
2.4.1.2 Equipment 
Beckman model L5-65 ultracentrifuge 
Cecil instruments CE 292 digital ultra-violet spectrophotometer. 
2.4.1.3 Rea ents 
Reagent nt A: Potassium sodium tartrate (2.0g) and sodium carbonate 
(100.0g) were dissolved in 500m1 0.5M sodium hydroxide solution, 
and diluted to 1 litre with distilled water. The solution was stored 
in a plastic bottle. 
Reagent B: Potassium sodium tartrate (2.0g) and copper sulphate 
(1.0g) were dissolved in 90m1 distilled water and 10ml 1. OM sodium 
hydroxide was added. The solution was stored in a plastic bottle. 
Reagent C: Folin-Ciocalteau reagent was diluted with distilled 
water in the ratio of 1: 15 respectively. The solution was prepared 
daily. 
2.4.1.4 Procedure 
Distilled water, 20m1, was added to a conical flask (50m1 capacity) 
and a vortex created using a magnetic stirrer. An exact quantity of protein 
sample to give a final protein concentration of 1% (w/w), 25g total weight, 
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was added to the vortex and allowed to dissolve. The solution was stirred for a 
further five minutes. 
Adjustment was made to the pH of the solution using 0.1M 
hydrochloric acid and 0.1M sodium hydroxide. Solutions of pH 3.5,4.5,6.0,7.5 
and 9.0 were prepared in duplicate for each protein sample. The total weight 
of the flask contents was made up to exactly 25g with distilled water. The 
flasks were covered with parafilm and placed in a shaking water bath, 25°C, at 
120 shakes minute-1 for two hours. Readjustment of the pH was made as 
necessary. 
At the end of the equilibration period, a 1ml aliquot of the protein 
slurry was removed for protein determination and a further 5ml centrifuged at 
42,0008 for 20 minutes, 25°C. A iml aliquot of supernatant was removed for 
protein determination. 
The remaining slurry was subject to a mild heat treatment at 60°C 
for 30 minutes. Aliquots (1ml) of slurry and supernatant, prepared as 
described above, were also subject to protein determination. 
Protein determination was carried out using the Hartree 
modification of the Lowry procedure (Hartree, 1972; Lowry et al., 1951). 
The 1ml aliquots of slurry and supernatant were diluted 100-fold 
with distilled water and 1ml of the diluted protein solutions added to 0.9m1 of 
reagent A. After gentle mixing the mixture was heated at 50°C for 10 
minutes. The mixture was cooled to room temperature (22°C), 0.1ml of 
reagent B added, and allowed to stand for 10 minutes. Reagent C, 3m1, was 
then forced rapidly into the test-tube to ensure mixing within 1 second. The 
mixture was heated at 50°C for 10 minutes then cooled. The absorbance of 
the solutions was read at 650nm. 
All determinations were carried out in duplicate and a reagent blank 
prepared. To calculate the soluble protein (%) in the protein samples, the 
following equation was used: 
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Soluble Protein = 
(%) 
Absorbance of Supernatant at 650nm 
Absorbance of Slurry at 650nm 
X100 
The solubility profile over the pH range 3.5-9.0 was plotted for each 
of the protein samples. 
2.4.2 Foaming 
The standard whipping test of Poole et al., (1984) was employed. 
2.4.2.1 Chemicals 
Sucrose: BDH Chemicals Limited, Poole, Dorset (Catalogue no. 
10274). 
All other chemicals were of analytical grade obtained from BDH 
Chemicals Limited, Poole, Dorset. 
2.4.2.2 Materials 
Hobart food mixer, model N50, equipped with aD wire loop whip. 
Calibrated glass measuring cylinders, 2 litre. 
2.4.2.3 Procedure 
Solutions of proteins (0.5% w/v) were prepared in glass beakers at 
room temperature (22°C). A quantity of protein sample to give a final protein 
concentration of 0.5% (w/v) in 250m1 total volume was accurately weighed out 
and dissolved in a volume of distilled water, vigorously stirred with a magnetic 
stirrer, creating a vortex. Stirring was continued for a further 20 minutes at a 
reduced speed. The pH of the solution was adjusted to pH7, unless otherwise 
indicated, using 0.5M hydrochloric acid or 0.5M sodium hydroxide. The total 
volume of the protein solution was made up to 250m1 with distilled water. 
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A Hobart food mixer at maximum speed was used to whip the 
protein solutions for five minutes at room temperature (22°C). The process 
was carried out in duplicate with 250m1 protein solution (0.5% w/v), each 
solution being individually prepared. The resultant foams were transferred to 
graduated 2 litre measuring cylinders where foam volume (ml) and liquid 
drainage (ml) were measured (time zero). The foam was left undisturbed for a 
total of 30 minutes at room temperature, liquid drainage and foam volume 
were recorded at 5,15 and 30 minutes post whipping. 
In the cases where foam volume exceeded 2 litres a calibrated dip 
stick, for volumes in the whipping bowl, was used to determine foam volume at 
time zero, then a2 litre portion of foam was transferred into the measuring 
cylinder for foam volume and liquid drainage measurements post whipping. 
In the cases where foams were very stiff and unable to pass down 
the measuring cylinder the foam was transferred to 2 litre glass beakers. 
Foaming properties of proteins in the presence of sucrose were 
determined by the same procedure except that a quantity of sucrose to give a 
final concentration of 30% (w/v) was added to the distilled water prior to the 
protein. 
Foams were quantitatively characterised by the following terms 
(Poole et al., 1986). 
Foam Expansion (FE) %: 
Foam Vol. (ml) (Total Vol. - Liquid Drainage) 
FE =x 100 
Initial Liquid Volume (ml) 
Foam Liquid Stability (FLS) %: 
Vol. Liquid Retained in Foam (ml) 
(Initial Liquid Volume - Drainage) 
FLS =x 100 
Initial Liquid Volume (ml) 
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Foam Volume Stability (FVS) %: 
Foam Volume After n Minutes (ml) 
FVS =x 100 
Initial Foam Volume 
(Total Volume - Liquid Drainage) 
2.4.3 Gelation 
The method of Howell and Lawrie (1984a) was employed. 
A high ratio sponge cake normally contains about 6% (w/w) egg 
albumen proteins and 45% (w/w) sucrose, as well as ingredients such as flour 
and fat. The cake-type model system developed by Howell and Lawrie (1984a) 
therefore consists of 6% (w/w) protein in 45% (w/w) sucrose solution in 
distilled water. 
2.4.3.1 Chemicals 
Sucrose: BDH Chemicals Limited, Poole, Dorset (Catalogue no. 
10274). 
All other chemicals were of analytical grade from BDH Chemicals 
Limited, Poole, Dorset. 
2.4.3.2 Equipment 
Stainless steel tubes; 50mm length, 16mm internal diameter. 
Rubber bungs, size 15 
Kane-May digital thermometer with hypodermic needle probe 
KM2002 
Instron Universal Texture Tester, model 1140 equipped with a 
crosshead speed reducer accessory - Decade Speed Reducer 
(Catalogue no. 3440-013). 
2.4.3.3 Procedure 
Taking into account the protein content of the protein samples a 
quantity was accurately weighed into a beaker (250m1) to give a final protein 
concentration of 6% (w/w) in 100g final weight. Sucrose 45% (w/w) was added 
to the protein and the dry materials mixed together. 
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Distilled water was added and the solution stirred for 20 minutes. 
Parafilm was used to cover the beaker. The pH was adjusted with 0.5M 
hydrochloric acid or 0.5M sodium hydroxide to pH7. Distilled water was added 
to bring the total weight of the contents of the beaker to 100g. 
Gels were prepared in stainless steel tubes. One end was stoppered 
with a rubber bung and secured tightly with waterproof insulating tape. 
Protein solution, 7ml, was poured into the tube and the open end of the tube 
loosely sealed with a short rubber bung, held in place with a piece of insulating 
tape. Four or eight gels were prepared from each protein solution. Tubes 
were placed in a test-tube rack and heated in a water bath at a specific 
temperature (-+0.50C) for a specific period of time (-+ 30 seconds). Gels were 
most commonly prepared at 80°, 85°, 900,95°C for 15,30 and 60 minutes. 
The level of the water bath was maintained at 5mm below the top edge of the 
tube and a digital thermometer equipped with a hyperdermic probe, passed 
through a hole in the short rubber bung and positioned centrally in one of the 
tubes, was used to monitor gel temperature. 
After heating the gels were cooled in a cold water bath for 10 
minutes and left overnight (16 hours) to age at room temperature (22°C). Gels 
were removed from the tubes by gentle tapping or by syringing a small volume 
of distilled water between the tube wall and the gel. Excess water was wiped 
off the gel surface using tissue. Each gel was cut to a length of exactly 15mm 
and subject to a compression test on the Instron Universal Texture Tester. 
The Universal Texture Tester was equipped with a load cell with a 
maximum load capacity of either 5000g or 50,000g. A cylindrical brass 
plunger, to which a disc of diameter 43mm was attached, was screwed onto 
the crosshead. The crosshead was driven by a gear at 10mm minute- 
The gel was placed cut face upwards on the centre of the table and 
the plunger pressed the gel to a distance of 12mm. The force required to press 
the gel as a function of time was recorded on a chart recorder (100mm 
minute-1) and the following parameters were determined: 
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Rigidity, Brittleness or Gel Strength (GS): The load (g) required to depress the 
gel surface a specified distance (6mm). 
Breaking Strength (BS): The load (g) required to rupture the gel surface. 
Cohesiveness (C): The extent to which material can be deformed before it 
ruptures. This is the distance on the chart between the start of pressing to the 
point where breaking occurs. 
2.4.4 Emulsification 
The method was essentially that described by Howell (1981). 
2.4.4.1 Chemicals 
Corn oil, Mazola: CPC UK Limited, Esher, Surrey 
Gelatin: BDH Chemicals Limited, Poole, Dorset (Catalogue no. 
44045). 
All other chemicals were of analytical grade obtained from BDH 
Chemicals Limited, Poole, Dorset. 
2.4.4.2 Equipment 
Vickers Instruments MI5C Microscope equipped with automatic 
exposure unit and camera. 
Dawe Instruments Soniprobe, Type 7532B, tapered micro-tip. 
MSE Centaur 2 centrifuge. 
2.4.4.3 Procedure 
Emulsions (10g) were prepared from mixtures of protein solutions 
(final concentration 1% wiw) and corn oil (10,25 and 50% w/w), as follows. 
Taking into account the protein content of the protein samples, 2% 
(w/w) protein stock solutions were prepared in distilled water and the pH 
adjusted to pH7 with 0.5M hydrochloric acid or 0.5M sodium hydroxide. 
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To prepare emulsions (10g) of 10,25 or 50% (w/w) oil content, 5g 
aliquots of protein stock solution (2% w/w) were placed in small glass beakers 
(25m1) and 4g, 2.5g or no distilled water added, respectively, followed by 1.0g, 
2.5g or 5. Og corn oil respectively. The corn oil was run down the side of the 
beaker. 
The mixture was placed on ice and homogenised using a sonifier 
equipped with a tapered micro-tip for five minutes at a constant 32 units 
Branson sonic power. The emulsion was poured into a graduated, 10ml test- 
tube. The probe was cooled in ice and cleaned with distilled water between 
preparations. Visual inspection was made of the freshly prepared emulsions 
and the emulsion capacity (EC) and emulsion stability (ES) were determined on 
emulsions prepared from each protein sample. 
2.4.4.4 Emulsion Capacity (EC) 
Aliquots of lm1 from freshly prepared duplicate emulsions were 
diluted with an equal volume of 20% (w/w) gelatin solution, previously warmed 
to 50°C. A drop of diluted emulsion was placed on a clean microscope slide 
and covered with a coverslip. Two slides were prepared from each emulsion. 
Using a microscope (total magnification of 1000) equipped with a 
camera five fields of view from each slide were photographed for examination 
by eye for the determination of the average size and size distribution of the 
fat globules (for details of photography, see Appendix 3). 
2.4.4.5 Emulsion Stability (ES) 
Duplicate emulsions (10g) were centrifuged at 20008 for 10 minutes 
and duplicate emulsions (10g) were heated in a boiling water bath for 30 
minutes. Visual inspection of the treated emulsions was made. 
Four replicate emulsions were capped and stored at 4°C for two and 
four week periods. Stored emulsions were visually inspected and subject to 
centrifugation and heat treatment as above. 
CHAPTER 3 
CHARACTERISATION OF BOVINE BLOOD PLASMA 
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3.1 Introduction 
As described in Section 1.1, much under-utilised blood can be 
separated into plasma and red cell fractions for use in meat and bakery 
products. A number of studies have been undertaken to characterise blood 
plasma in terms of its functional properties, a review of which is presented 
below. 
3.1.1 Solubility 
The solubility of dried blood plasma or serum preparations has been 
reported to be excellent and shows little dependence upon pH in the range 
pH 3-10, although a point of minimum solubility at pH 4.8 is encountered 
(Tybor et al., 1973,1975; Penteado et al., 1979; Hermansson and Tornberg, 
1976; Howell, 1981). Tybor et al. (1973) found spray-dried bovine serum to be 
90-100% soluble over the pH range 3-10, with only a 7% decrease at the point 
of minimum solubility. The albumin fraction of blood plasma has been found 
to be more soluble than the globulin fraction (Penteado et al., 1979). 
The solubility of plasma preparations at pH 5.0 is increased in the 
presence of sodium chloride (Del Rio de Reys et al., 1980; Hermansson and 
Tornberg, 1976). A 10% increase in solubility of plasma was achieved in 
concentrations of sodium chloride up to 0.6 M (Hermansson and Tornberg, 
1976), a common concentration found in meat systems (Tornberg and Akesson, 
1975). 
Plasma proteins appear to be sensitive to heat treatment, as 
indicated by the inverse relationship between the denaturation status of the 
plasma proteins and drying temperature (Tybor et al., 1970; Delaney, 1975; 
Donnelly et al., 1978b). The solubility of plasma preparations is thus altered 
depending on the severity and nature of the heat processing of liquid plasma. 
Tybor et al. (1975) found that plasma spray-dried at 160 and 193°C had a 20% 
lower solubility relative to freeze-dried plasma preparations. Decreased 
solubility as a result of spray-drying was thought to be related to the effect of 
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air outlet temperature (107°C) as differences in solubility between plasmas 
dried at the two spray-drying temperatures were not observed. Delaney (1975) 
has confirmed this to be the case. 
Preliminary concentration of plasma by ultrafiltration lessens the 
degree of heat processing required for drying, consequently enhancing the 
solubility of the resultant plasma powder (Porter and Michaels, 1971; Delaney 
et al., 1975). Ultrafiltered, spray-dried plasma was found to be 20-30% more 
soluble than commercial spray-dried plasma over the pH range 2-10, and 
exhibited about 100% solubility in water in the pH range 2-10, with a minimum 
solubility of about 93% at pH 4.0 (Delaney et al., 1975). 
Incorporation of lactose into liquid plasma prior to dehydration has 
also been found to minimise denaturation and loss of solubility of the plasma 
proteins (Tybor et al., 1970; Tybor et al., 1975; Donnelly et al., 1978b). The 
solubility of spray-dried (1600C) lactose-treated plasma was similar. to that of 
a freeze-dried control plasma preparation (Tybor et al., 1975). Lactose is 
believed to prevent disulphide polymerisation of the protein during heat 
treatment, thereby enhancing solubility (Sugimoto and Van Buren, 1971). 
Conditions under which the dried plasma is stored are reported to be 
critical for maintaining high solubility (Penteado et al., 1979). Dried plasma 
stored at a water activity of 0.32-0.75, for 72 hours at 40°C, was found to 
have reduced solubility compared to dried plasma stored at water activities 
lower than 0.32. This loss of solubility was thought to be due to enhanced 
carbonylamine interactions (Maillard reactions) and lipid oxidation. 
3.1.2 Emulsification Properties 
Plasma possesses excellent emulsification properties, under optimum 
conditions of pH and protein concentration (Tybor et al., 1973,1975). 
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The emulsion capacity of spray-dried serum has been found to be 
good in the pH range 4-9, particularly at pH 9, and to be dependent on protein 
concentration, with a maximum response at about 1% (w/v) (Penteado et al., 
1979; Tybor et al., 1973). Heat processing (drying conditions) and 
incorporation of lactose prior to heat processing of liquid plasma has little 
effect on the emulsion capacity of dried plasma preparations (Tybor et al., 
1975). Penteado et al., (1979) reported that 1% solutions of whole plasma, and 
the globulin and albumin fractions of plasma were able to emulsify 115,60 and 
70% respectively of their volume of oil. The emulsion capacity of plasma 
proteins has been reported to be similar to that of meat proteins (Calidroni 
and Ockerman, 1982). The stability of a 40% oil-2.5% plasma protein 
emulsion was found to be inferior compared to the stability of similar 
emulsions prepared with whey protein concentrate, casein and soya isolate 
promine D (Hermansson and Tornberg, 1976). Furthermore, inclusion of 0.2 M 
sodium chloride reduced the stability of the plasma protein emulsion. 
3.1.3 Foaming Properties 
Plasma possesses good foaming properties, under optimal conditions 
of protein concentration and pH (Tybor et al., 1975; Penteado et al., 1979). 
Plasma exhibits an inverse response to pH in relation to foaming 
i. e. as pH increases, the foaming capacity decreases (Tybor et al., 1975). 
Maximum foam capacity for plasma was achieved at a protein concentration 
of 1.7%. Whole plasma and the albumin and globulin fractions of plasma 
produce foams of similar stability, but the albumin fraction produces the foam 
of greatest volume (Penteado et al., 1979). 
3.1.4 Gelation 
Bovine plasma proteins form a gel structure when their solutions are 
heated (Hermansson and Tornberg, 1978; Harper et al., 1978). 
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Howell and Lawrie (1984a) have compared the heat induced gel 
strength of plasma and egg albumen. Gel strength of heated porcine and 
bovine blood plasma was significantly greater than that of egg albumen, 
indicating that blood plasma exhibited a binding ability superior to that of egg 
albumen. The strength of plasma gels increased with time (15-60 minutes) and 
temperature (85-95°C) of heating. In addition, synergistic interaction between 
plasma proteins and egg albumen proteins to produce stronger gels was 
observed which also varied with temperature and time of heating, and plasma 
concentration (Howell and Lawrie, 1984b). The optimum pH for gel formation 
has been reported to be pH 7 for plasma and pH 9 for egg albumen (Hickson et 
al., 1980). However, Hermansson (1982) found the optimum pH for gel 
formation of plasma to be pH9. 
Addition of low levels of mono- and divalent cations increases the gel 
strength of blood plasma (Harper et al., 1978, Hickson et al., 1980; 
Hermansson, 1982). 
Howell and Lawrie (1984a, b) have studied the gelation properties of 
porcine plasma fractions obtained by ion-exchange chromatography. Fraction 
III (albumin) gelled in a similar way to whole plasma and also exhibited 
synergistic interaction with egg albumen proteins. 
Viscosity of solutions of porcine and bovine whole blood plasma and 
serum have recently been reported by Howell and Lawrie (1987). Between 
20°C and 73°C the solutions (6% w/w protein in 45% sucrose) exhibited 
Newtonian behaviour. On further heating the viscosity of these solutions 
increased exponentially producing a reversible gel structure at 76°C, and an 
irreversible gel at 79°C. Rheological parameters of porcine and bovine plasma 
gels such as viscosity index, elasticity and initial penetration force, increase 
with time and temperature of heating (Hickson, 198; Howell and Lawrie, 
1984a and b, 1987). 
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Thus like egg albumen, plasma possesses a range of functional 
properties, ie, solubility, gelation, foaming and emulsification. The functional 
properties of egg albumen proteins have recently been reviewed by Baldwin 
(1986). In this respect the plasma proteins may be used to replace egg 
albumen in food products. Blood plasma has been exploited in the manufacture 
of meat products and its inclusion in bakery products offers an alternative 
outlet, providing legal and aesthetic barriers are overcome. 
The aims of this study were to prepare bovine blood plasma from 
whole blood, to characterise bovine plasma in terms of its proximate 
composition and functional properties, and to compare these properties with 
those of egg albumen. 
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3.2 Materials and Methods 
3.2.1 Materials 
Protein samples: commercial dried bovine plasma (Regalbumin), 
batches AB41 and AB86 (Section 2.1.2); freeze-dried bovine blood plasma, 
batches 1,2,3 (Section 2.1.1) and spray-dried egg albumen (Goldova) (Section 
2.1.4). 
The red cell fraction, remaining after removal of the plasma from 
centrifuged whole blood (Section 2.1.1), was dried and processed in a similar 
manner to the freeze-dried bovine blood plasma (section 2.1.1). (Crude protein 
content: 94.1% + 4.4, where n= 6). 
3.2.2 Methods 
3.2.2.1 Compositional Analysis 
The protein samples were characterised for protein (Section 2.2.3.1), 
fat (Section 2.2.3.3), moisture (Section 2.2.3.2), ash (Section 2.2.3.4), citrate 
(Section 2.2.3.6) and haemoglobin (Section 2.2.3.7) content, and the pH of 6% 
(w/w) solutions in distilled water (section 2.2.3.5) were also determined. 
3.2.2.2 Functional Properties 
The protein samples were subjected to solubility (section 2.4.1), 
foaming (section 2.4.2), gelation (section 2.4.3) and emulsification (section 
2.4.4) tests. Gels (pH 7) were made by heating at 90 °C for 15,30 and 
60 minutes. 
In addition, and investigation of the effect of haemoglobin on the 
gelation properties of commercial dried bovine plasma was undertaken. A 6% 
(w/w) bovine plasma-red cell protein solution was prepared as described in 
section 2.4.3, in which freeze-dried red cell preparation contributed a level of 
1% (w/w) protein, and commercial dried bovine plasma contributed a level of 
5% (w/w) protein. The solution, pH 7, was used to prepare gels at 90°C for 15, 
30 and 60 minutes. 
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3.3 Results 
3.3.1 Compositional Analysis 
Compositional analysis of commercial and freeze-dried bovine plasma 
and egg albumen are presented in Table 3.1. 
The commercial and freeze-dried bovine plasma preparations had 
similar composition. The most interesting differences lay in the slightly 
higher citrate and haemoglobin content of commercial dried bovine plasma 
compared to the freeze-dried preparations. 
Egg albumen had a higher protein content (80%) than that of the 
bovine plasma preparations (70%). Furthermore, the pH of egg albumen 
solution (6% w/w) was near to neutral pH whilst that of the bovine plasma 
solutions was more alkaline (pH > 9). 
Differences in composition between batches of freeze-dried bovine 
plasma were evident for protein, moisture and fat content. 
3.3.2 Functional Properties 
3.3.2.1 Solubility 
The solubility - pH profile of commercial and freeze-dried bovine 
plasma for the pH range 4.5-9.0 are presented in Figure 3.1. 
The solubility of commercial dried bovine plasma was good (80-90%) 
over the pH range 4.5-9.0, showing a trend of increasing solubility with 
increasing pH. Freeze-dried bovine plasma was more soluble than commercial 
dried bovine plasma, particularly at low pH. The solubility of freeze-dried 
bovine plasma was very good (90%) over the pH range 4.5-9.0, and increased as 
the pH increased, as noted in the case of commercial dried bovine plasma. 
Mild heat treatment (600C for 30 minutes) had a detrimental effect 
on solubility of both commercial and freeze-dried bovine plasma, particularly 
at low pH. The detrimental effect was most marked for commercial dried 
bovine plasma. 
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Solubility-pH Profile of Commercial Dried Bovine Blood Plasma (0) and 
Freeze-Dried Bovine Blood Plasma (f) at 25°C () and After Heat 
Treatment (60°C/30 Minutes) (-- ). 
Values represent mean of four replicates in the case of commercial bovine 
plasma and mean of six replicates in the case of freeze-dried bovine plasma. 
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3.3.2.2 Foaming 
The foaming properties, namely foam expansion (FE), foam liquid 
stability (FLS) and foam volume stability (FVS) of commercial and freeze- 
dried bovine blood plasma and egg albumen (0.5%) at pH 7 are presented in 
Table 3.2 and Figure 3.2 
Egg albumen exhibited superior FE compared to the bovine plasma 
preparations. The FE of commercial dried bovine plasma was greater than 
that for freeze-dried bovine plasma. 
Sucrose (30%) had a detrimental effect on FE of both egg albumen 
and bovine plasma. However, in the presence of sucrose the FE of egg 
albumen remained superior to that of the bovine plasma preparations and the 
FE of commercial dried bovine plasma remained greater than that of freeze- 
dried bovine plasma. The effect of sucrose on FE was greatest in the case of 
egg albumen; FE of egg albumen was depressed by 35% whereas FE of 
commercial and freeze-dried bovine plasma were depressed by 20 and 10%, 
respectively, in the presence of sucrose. 
The FLS and FVS of the egg albumen foam was superior to that of 
the bovine plasma foams. Foams prepared from bovine plasma showed a more 
rapid decline in FLS and FVS on standing after whipping, compared to the egg 
albumen foam. The FLS and FVS of the commercial dried bovine plasma foam 
was greater than that of foams prepared from freeze-dried bovine plasma. 
Sucrose enhanced the FLS of egg albumen foams but had little 
effect on the FVS, whilst in the case of the bovine plasma foams, sucrose had 
little effect on the FLS but had a detrimental effect on the FVS. 
The foam volume (ml) and liquid drainage (ml) for the bovine 
plasma and egg albumen foams, and from which the FE, FLS and FVS are 
calculated, are presented in Appendix 4. 
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Table 3.2 Foaming Properties of 
Commercial Dried Bovine Blood Plasma, Freeze-Dried 
Bovine Blood Plasma and Egg Albumen (0.5%) at pH7, 
in the Absence and Presence of Sucrose (30%): Foam Expansion 
Type of Protein Foam Expansion 
(%) 
Foam Expansion 
in presence of 
Sucrose 
(30%) 
(%) 
Commercial 306 241 
dried bovine 
plasma 
(Regalbumin) 
Freeze-dried 216 194 
bovine plasma 
Egg albumen 534 348 
Values based on four replicates, except for freeze-dried 
bovine plasma where values based on six replicates. 
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Figure 3.2 
Foaming Properties of Commercial Dried Bovine Blood Plasma (1), Freeze- 
Dried Bovine Blood Plasma (A) and Egg Albumen ( ) (0.5%) at pH7, in the 
Absence (--) and Presence (--) of Sucrose (30%): Foam Liquid Stability (A) 
and Foam Volume Stability (B). 
Values based on four replicates, with the exception of freeze-dried bovine 
plasma where values based on six replicates. 
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3.3.2.3 Gelation 
Gelation properties including gel strength (GS), breaking strength 
(BS) and cohesiveness of commercial and freeze-dried bovine blood plasma and 
egg albumen (6%) heated at 90°C for 15,30 and 60 minutes at pH 7 are 
presented in Figure 3.3 
Bovine plasma gels had greater CS, BS and cohesiveness compared 
to egg albumen gels. The GS and BS of the freeze-dried bovine plasma gels 
was superior to the GS and BS of the commercial dried bovine plasma gels. 
The GS and BS of the bovine plasma and egg albumen gels increased with time 
of heating at 90°C. The cohesiveness of the commercial and freeze-dried 
bovine plasma gels was very similar and decreased slightly with increased time 
of heating at 90°C. In contrast, the cohesiveness of the egg albumen gels 
increased with time of heating at 90°C. 
The effect of haemoglobin on the gelation properties of 
commercial dried bovine plasma at pH 7 at 90°C for 15,30 and 60 minutes is 
also presented in Figure 3.3. Partial replacement of the bovine plasma protein 
with the red cell fraction had a marked detrimental effect on the BS and 
cohesiveness of the bovine plasma gels, but little effect on the GS. The GS 
and BS of the bovine plasma-red cell gels increased with time of heating at 
90°C. 
3.3.2.4 Emulsification 
The emulsion capacity and emulsion stability of emulsions prepared 
from commercial and freeze-dried bovine blood plasma and egg albumen (1%) 
and 25% corn oil at pH 7 are presented in Table 3.3. 
Freeze-dried bovine plasma produced an emulsion of low viscosity 
(visual inspection) in which the average oil globule size was determined to be 
less than 1 pm (0.8 um) in diameter. The distribution of the sizes of the 
globules for the freeze-dried bovine plasma emulsions is presented graphically 
in Appendix 4. The emulsion was unstable and separated on storage, 
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Figure 3.3 Gelation properties of commercial dried bovine blood plasma 
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centrifugation and heating. The commercial dried bovine plasma emulsion 
separated to a greater extent than the freeze-dried bovine plasma emulsion, as 
indicated by the volume of drainage. 
Egg albumen emulsions were viscous in nature (visual observation) 
and had an average oil globule size of 1.3 }im diameter. Larger globules of 
5 pm diameter were also evident. The egg albumen emulsion was unstable 
when subject to stability tests, as evidence by creaming. However, the 
emulsion did not separate. 
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3.4 Discussion 
Bovine blood plasma was conveniently prepared by centrifugation of 
whole blood obtained directly from a carcase on the bleeding line at a local 
abbatoir. The freeze-dried bovine blood plasma was amber in colour, and did 
not develop an adverse (fishy) smell during storage at +4°C. 
The proximate composition of commercial and freeze-dried bovine 
blood plasma (Table 3.1) compared well with literature values (Howell and 
Lawrie, 1983). Low levels of haemoglobin in the plasma preparations indicated 
that haemolysis of the red cells had been successfully avoided during handling 
of whole blood. This was also indicated by the colour of both the commercial 
and freeze-dried bovine plasma preparations, being amber in colour and not 
pink. A pale-coloured plasma is desirable for users other than meat 
manufacturers, e. g. bakery trade (Halliday, 1973). The high ash or mineral 
content of the commercial and freeze-dried bovine plasma preparations is due 
to the presence of sodium citrate (anticoagulant), and causes the pH of the 
plasma solutions to be alkaline (pH 9.3). High levels of ash impart an alkaline, 
metallic taste to bakery products which is undesirable (Howell, 1981). The 
mineral content of plasma may be successfully reduced by using membrane 
processes such as ultrafiltration (Delaney et al., 1975) or by the separation of 
protein fractions from the plasma by ion exchange chromatography (Howell 
and Lawrie, 1983). A reduction in the mineral content may expand the field 
for inclusion of plasma into foodstuffs. 
The solubility of freeze-dried bovine blood plasma was greater than 
that of commercial dried bovine blood plasma (Figure 3.1). This possibility 
reflects the effect of heat treatment during the drying process (Delaney, 1975; 
Tybor et al., 1970). However, the commercial dried bovine plasma, 
Regalbumin, used for this study is dried under mild conditions using a ball bed 
drier at only 50°C (Section 2.1.2). An alternative explanation may be related 
to the handling and storage history of the commercial dried bovine plasma. 
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Storage conditions are reported to have an important influence on the 
solubility of dried plasma (Penteado et al., 1979). The freeze-dried bovine 
plasma was prepared at low temperature (20-30°C) and was stored in the 
absence of light and in an air tight container at +4°C. 
Foaming properties of bovine blood plasma were poor compared to 
egg albumen at pH 7 (Table 3.2, Figure 3.2), thus precluding the use of plasma 
proteins in aerated food products. Khan et al. (1979) investigated the baking 
properties of ultrafiltered spray-dried plasma, as a partial replacement to egg 
albumen in angel food cakes. Replacement of egg white solids at levels 
greater than 50% with plasma lowered the foam capacity, increased the 
specific gravity of the foam, and decreased the volume of angel food cake. 
However, replacement of 30% of the egg white solids with plasma produced 
angel food cakes with acceptable flavour, which were preferred to cakes 
containing 100% egg white solids. It is interesting to note that Johnson et al., 
(1979) and Howell (1981) found acceptable high ratio sponge cakes were 
produced containing plasma even with 100% replacement of egg albumen 
providing that egg yolk or lecithin was added to replace the phospholipid of 
whole eggs. 
Commercial dried bovine plasma had slightly better foaming 
properties than freeze-dried bovine plasma (Table 3.2, Figure 3.2). This may 
be due to the less soluble nature of the commercial protein preparation. 
Insoluble material is reported to aid foam stability (Hermansson et at., 1971; 
Hailing, 1981). Furthermore, soluble but partially denatured proteins, 
resulting from mild heat processing at 50°C, may adsorb and associate at the 
air-water interface more rapidly than native proteins, thus producing larger 
volume, stable foams (Dickinson and Stainsby, 1982). Mild heat treatment 
(partial denaturation) has been found to enhance the surface hydrophobicity of 
proteins and promote foamability (Kato et al., 1981,1983). 
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Sucrose (30%) had a detrimental effect on the FE of egg albumen and 
bovine plasma (Table 3.2). These findings are in agreement with those 
reported in the literature, ie, that addition of sucrose to a protein solution 
before whipping causes a reduction in foam volume (Hailing, 1981). It is 
possible that sucrose has its effect through inhibiting molecular unfolding and 
association of adsorbed protein molecules at the air-water interface. Lee and 
Timasheff (1981) and Slosberg et at. (1948) have demonstrated that proteins 
may be protected or stabilised against thermal denaturation with sucrose. 
This is essentially because sucrose solution is a poorer solvent for a protein 
than water and is preferentially excluded from the domains of the native 
protein. Unfolding of a molecule is thus less favourable. 
The effect of sucrose on foam stability was different for the egg 
albumen and bovine blood plasma foams (Figure 3.2). In the case of egg 
albumen foams, FLS was enhanced in accordance with general observations 
reviewed by Hailing (1981). Sucrose increases the bulk viscosity and thereby 
retards drainage from foams (Hailing, 1981; Mitchell, 1986). In addition, 
sucrose influences the surface rheological properties of protein films 
(MacRitchie and Alexander, 1961). In the case of bovine plasma foams, 
sucrose had no effect on FLS but had a detrimental effect on FVS, possibly due 
to the formation of weaker films around the air cells through the inhibition of 
molecular unfolding, and thus association, in the presence of sucrose. 
Bovine blood plasma exhibited superior gelation properties to egg 
albumen in a high-ratio cake-type model system (Figure 3.3), as similarly 
reported by Howell and Lawrie (1984a). The superior gelation properties of 
freeze-dried bovine plasma over commercial dried bovine plasma is probably 
attributable to the greater solubility of the freeze-dried preparation. 
The detrimental effect of red cells (haemoglobin) on the BS and 
cohesiveness of commercial dried bovine plasma (Figure 3.3) clearly indicated 
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that centrifugal separation of whole blood into plasma and red cell fractions 
requires care, not only to prevent the undesirable discolouration of the plasma 
fraction through haemolysis of the red cells, but also to preserve the useful 
gelation properties of the plasma proteins. Howell and Lawrie (1984a) 
similarly reported that red cell contamination of plasma had an undesirable 
effect on the gelation properties of plasma. 
The emulsification investigation (Table 3.3) revealed that, although 
bovine blood plasma had a similar emulsion capacity to egg albumen in 25% oil 
emulsions, it formed an emulsion of poor stability. Emulsion separation 
appeared to be greater in the commercial dried bovine blood plasma emulsion, 
as indicated by the volume of drainage, and was probably related to the lower 
solubility of this preparation in comparison to the freeze-dried bovine blood 
plasma. A number of studies indicate that the emulsion properties of blood 
plasma, and other proteins, are closely related to their solubility (Hegarty et 
al., 1963; Tybor et al., 1973). 
Conclusion 
Bovine blood plasma was conveniently collected and prepared by 
centrifugation of whole blood followed by freeze-drying of the liquid plasma. 
Freeze-dried bovine blood plasma had a protein content of at least 
70% and exhibited superior solubility, gelation and emulsification properties to 
commerical dried bovine blood plasma indicating the importance of mild heat 
treatment and careful storage of the dried product. 
Freeze-dried bovine blood plasma possessed a similar range of useful 
functional properties, i. e, excellent solubility over the pH range 4.5-9.0; 
moderate foam capacity and stability, and excellent gelation properties in a 
cake-type model system, similar to those of egg albumen. 
CHAPTER 4 
LABORATORY SCALE PREPARATION AND CHARACTERISATION OF ANQDATED 
BOVINE BLOOD PLASMA AND EGG ALBUMEN PROTEINS 
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4.1 Introduction 
The most widely studied chemical derivatisation of food proteins 
involves the acylation of the s-amino groups of lysine residues (Jimenez- 
Flores and Richardson, 1987). However, the nutritional quality of acylated 
proteins in vivo has been shown to be usually less than that of the untreated 
protein, particularly at higher levels of acylation (Eisle et al., 1981; Goulet et 
al., 1987). Chemical derivatisation of the f3- and ý -carboxyl groups of the 
non-essential amino acids, aspartic and glutamic acid respectively, thus offers 
an alternative and more acceptable approach to derivatisation of the amino 
groups of the essential amino acid lysine in food proteins. 
Carboxyl groups of proteins have a limited chemistry in aqueous 
media and this is reflected in the small range of chemical methods for their 
derivatisation (Means and Feeney, 1971; Glazer, 1976; Feeney et al., 1982; 
Llundblad and Noyes, 1984b). Methods involve either esterification (Wilcox, 
1967,1972; Parsons et al., 1969) or amidation (Carraway and Koshland, 1972) 
of the carboxyl groups. 
Chemical modification of the carboxyl groups of food proteins has 
been undertaken in a limited number of investigations concerning the 
structure-function relationships of food proteins and the alteration, or 
extension, of the functional properties of food proteins (Ma and Holme, 1982; 
Ma et al., 1986; Mattarella and Richardson, 1982,1983; Mattarella et al., 
1983; Halpin and Richardson, 1985; Poole et al., 1987a, b). The derivatisation 
methods employed in these studies involved esterification of the protein 
carboxyl groups with an alcohol (eg, methanol) containing an acid catalyst (eg, 
hydrochloric acid) (Fraenkel-Conrat and Olcott, 1945) or amidation of protein 
carboxyl groups accomplished by a two-step reaction involving a water soluble 
carbodiimide (WSC) and a nucleophile (amine) (Hoare and Koshland, 1967; 
Lewis and Shafer, 1973). 
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The carbodiimide mediated modification of carboxyl groups in 
proteins (Figures 4.1 and 4.2) is reported to be the most widely favoured 
method for the study of such functional groups (Llundblad and Noyes, 1984b). 
It offers advantages over alternative methods of relatively mild aqueous 
conditions and versatility, as by varying the reaction conditions and the two 
reagents (WSC and nucleophile) one can potentially use the basic technique in 
many ways (Hoare and Koshland, 1967; Carraway and Koshland, 1972; 
Armstrong and McKenzie, 1967). 
The chemistry of carbodiimides has been reviewed by Kurzer and 
Douraghi-Zadeh (1967) and Khorana (1953). Structurally, the carbodiimides 
can be considered to be derived from HN= C =NH, a symmetrical anhydride 
of urea. The N, N'-disubstituted derivatives include the carbodiimides. 
Carbodiimides may be prepared as symmetrical aliphatic, symmetrical 
aromatic or unsymmetrical carbodiimides. Aliphatic carbodiimides are 
colourless, distillable liquids or solids at room temperature. Polymerisation 
and decomposition occur on prolonged storage, although stability is a function 
of the substituted groups. Increasing chain length and particularly branching 
of the alkyl substituents have a stabilising effect, whilst unsaturation 
decreases stability. Freshly prepared, the carbodiimides are neutral but on 
polymerisation and decomposition give a basic reaction. Carbodiimides are 
characterised by their unsaturation and show addition reactions with a range 
of organic functional groups. 
Physiological properties of carbodiimides have been reported by 
Kurzer and Douraghi-Zadeh (1967). Mammalian toxicity of some carbodiimides 
has been found to be low (LD50 of dicyclohexylcarbodiimide (rats) 2.6g/kg). 
Carbodiimides have found application in a number of fields (Azzi et 
al., 1984; Carraway and Koshland, 1972; Kurzer and Douraghi-Zadeh, 1967). 
Carbodiimide-induced formation of amide bonds between carboxyl and amino 
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NHZ R pH 4. S-S, 0 P C// 
W. S. C. ý' NHR 
Figure 4.1: Amidation of Carboxyl Groups of Proteins (Means and Feeney, 
1971) 
CH3 CH2 N= C- N- CH2 CHZ CH2 N (CH3 )2 
Figure 4.2: Water soluble carbodiimide: 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) 
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groups of amino acids, peptides and proteins has been used for many purposes 
including the covalent attachment of essential amino acids to proteins 
(Puigserver et al., 1982). 
WSC were first employed to selectively derivatise protein carboxyl 
groups by Riehm and Sheraga (1966). The method was developed by Hoare and 
Koshland (1967) for the quantitative determination of carboxyl groups in 
lysozyme, chymotrypsin and trypsin. Stable amide derivatives of the enzymes 
were prepared by a procedure involving activation of the carboxyl groups using 
a WSC and subsequent reaction of the activated carboxyl group with a 
nucleophilic agent, such as glycine methyl ester, under mild conditions (Figure 
4.3). 
The reaction sequence is initiated by the addition of the carboxyl 
group across one of the double bonds of the diimide system of the WSC to give 
an intermediate 0-acylisourea (Step 1, Figure 4.3) (Khorana, 1953). In aqueous 
solution the 0-acylisourea is highly unstable, by virtue of the activated 
carboxyl group of this adduct, vulnerable to nucleophilic attack and can react 
by a number of different routes (Step 2, Figure 4.3) (Hoare and Koshland, 1967; 
Nalecz et al., 1986) as outlined below: 
A Attack by nucleophile (amine, HX) will yield an acyl-nucleophile 
product and urea derived from the carbodiimide. 
B In the case where the nucleophile is water (H20) the carboxyl group 
regenerates (hydrolysis) and will not be modified. The carbodiimide 
is converted to its corresponding urea. 
c The 0-acylisourea may rearrange to form an N-acylisourea, via an 
intramolecular acyl transfer (the activated acyl group shifts to one 
of the N atoms, a so-called N-acyl shift). This results in stable 
binding of WSC to the protein. 
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Figure 4.3: Possible Reactions Following Initial Binding of Water Soluble 
Carbodiimide to a Single Carboxyl Group in a Protein 
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Kinetic studies on model carbodiimide carboxyl-nucleophile systems 
have shown that the rearrangement can be made less favourable compared to 
nucleophilic attack by an amine (HX) if the concentration of the amine is 
sufficiently high (Hoare and Koshland, 1967). The coupling reaction of 
carboxyl with nucleophile can therefore be driven essentially to completion in 
the presence of excess nucleophile and WSC (Hoare and Koshland, 1967; Lewis 
and Shafer, 1973). 
The reaction is best carried out at the lower end of the pH range, 
pH4.5 to pH5.0, as condensation of the O-acylisourea with a nucleophile is 
dependent upon protonation of the carboxylic acid (Hoare and Koshland, 1967). 
The ß-and '-carboxyl groups of aspartyl and glutamyl residues respectively, 
are the principal anionic groups in proteins, with pK values usually about about 
pH4.6 (Tanford, 1962). 
In the absence of an added amine, an £ -amino group of a 
neighbouring amino acid (R2-NH2) may attack the O-acylisourea with the 
formation of a new peptide bond (Route D, Step 2, Figure 4.3) (Sheehan and 
Hlavka, 1956,1957; Goodfriend et al., 1964). Cross-linking may occur intra-or 
inter- molecularly (Nalecz et al., 1986). 
The reaction is terminated by addition of an excess of 1. OM acetate 
buffer, pH4.75, followed by dialysis to remove the reagents from the product 
(Hoare and Koshland, 1967). However, this procedure is reported to result in 
the formation of the acetylisourea which may cause acetylation of protein 
side-chains (Carraway and Koshland, 1972). To avoid artefacts which may lead 
to erroneous conclusions, rapid dialysis or gel filtration may offer alternative 
means for terminating the reaction (Carraway and Koshland, 1972; Lewis and 
Shafer, 1973). 
Few reagents employed in protein modification studies show 
absolute specificity for one type of amino acid side-chain (Means and Feeney, 
1971). Carbodiimides are highly reactive towards many organic functional 
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groups (Khorana, 1953; Kurzer and Douraghi-Zadeh, 1967). However, a certain 
specificity may be induced by the conditions of the reaction (Azzi et al., 
1987). Although carbodiimides show a preference for protein carboxyl groups 
of proteins in aqueous solutions at acidic or neutral pH and mild temperatures 
(Franzblau et al., 1963; Reihm and Scheraga, 1966) complicating side-reactions 
have been reported with sulphydryl groups (Carraway and Triplett, 1970; Pho 
et al., 1977; Perfetti et al., 1976), tyrosine groups (Carraway and Koshland, 
1968; Eyl and Inagami, 1971; Perfetti et al., 1976) and serine groups (Banks et 
al., 1969). 
Products formed from the addition of sulphydryl groups to 
carbodiimides (Figure 4.4) appear to be stable and attempts to regenerate 
sulphydryl groups by nucleophilic displacement have not been successful 
(Carraway and Triplett, 1970). The effects of sulphydryl modification could 
possibly be circumvented by prior protection of the sulphydryls with reversible 
blocking agents (Carraway and Triplett, 1970; Carraway and Koshland, 1972; 
Perfetti, 1976). 
The reaction of WSC with phenolic hydroxyl groups of tyrosine 
residues is thought to give an 0-arylisourea (Figure 4.5). The adduct is stable 
at neutral pH and moderately stable during acid hydrolysis (amino acid 
analysis). Reversal of the reaction has been achieved using strongly 
nucleophilic reagents (eg, hydroxylamine) (Carraway and Koshland, 1968; 
Perfetti et al., 1976). 
It has been reported that the rate of reaction of WSC with model 
sulphydryl and carboxyl compounds are approximately equal (Carraway and 
Triplett, 1970). Phenolic hydroxyl groups of tyrosine react more slowly with 
WSC (Carraway and Koshland, 1972). However, only carboxyl groups in a 
protein which has been completely unfolded have been shown to be 
approximately equal in reactivity to each other and small model compounds 
(Hoare and Koshland, 1967). Variation in the modification rates of side chain 
groups of proteins are to be expected due to the effects of protein structure 
and microenvironment. 
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SH + W. S. C. 
NR 
-ý P 5---t 
NHR 
Figure 4.4: Reaction of Water Soluble Carbodiimide (WSC) with Sulphydryl 
Groups of Proteins (Means and Feeney, 1971) 
OH t W. S. C. -> P 
I\ 0-c 
//NR 
NHR, 
Figure 4.5: Reaction of Water Soluble Carbodiimide (WSC) with Tyrosine 
Groups of Proteins (Means and Feeney, 1971) 
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Addition of serine to the double bonds of WSC appear to be rare and 
has only been reported in a-chymotrypsin, which has an apolar group directing 
the WSC to serine at the active site (Banks et al., 1969). The reaction 
increased in alkaline pH and was not consistant with carboxyl group 
modification, which requires a protonated carboxyl group. 
Carraway and Koshland (1972) suggest that side reactions may be 
evaluated by observing the effect of the carbodiimide on a protein in the 
absence of an added amine (nucleophile). 
Despite problems with side reactions, modification of carboxyl 
groups in proteins with a WSC and an appropriate nucleophile (amine) has 
found wide application, as reviewed by Llundblad and Noyes (1984b) 
particularly in the study of structure-function relationships of enzymes such as 
trypsin (Eyl and Inagami, 1971), papain (Perfetti et al., 1976), yeast hexokinase 
(Pho et al., 1977) and lysozyme (Yamada et al., 1981). 
The versatile nature of the procedure lies with the selection of the 
WSC, nucleophilic agent and reaction conditions. Hoare and Koshland (1967) 
observed that the properties of the activation step appeared to be general and 
successfully applied three different WSC, with side chains of an aromatic and 
aliphatic nature, in their procedure. Llundblad and Noyes (1984b) report of 
four WSC commonly used for the derivatisation of protein carboxyl groups but 
1-ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC) (Figure 4.2) appears to 
be most popular probably due to its commercial availability, size and stability 
(Means and Feeney, 1971). By discriminating use of the various WSC 
selectivity in the position of attack of WSC on a site or specific carboxyl 
group may be achieved (Carraway and Koshland, 1972). Smaller aliphatic WSC 
(EDC) for example, may be expected to have greater access to partially buried 
carboxyl groups than larger aromatic WSC (eg: 1-cyclohexyl-3-(2-morpholinyl- 
4-ethyl)carbodiimide metho-p-toluenesulphonate CMC) (Means and Feeney, 
1971; George et al., 1979). 
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WSC react preferentially at sites exposed to the water phase or 
located in the hydrophilic domains of proteins (Means and Feeney, 1971) thus 
under mild, aqueous conditions only the more accessible or reactive carboxyl 
groups are available for derivatisation (Hoare and Koshland, 1966; Lewis and 
Shafer, 1973; Eyl and Inagami, 1971; Perfetti et al., 1976). Derivatisation of 
all the carboxyls in a protein can only be achieved in the presence of a 
denaturant (eg, 7.5M urea, 5. OM guanidine hydrochloride) (Hoare and Koshland, 
1967; Eyl and Inagami, 1971; Perfetti et al., 1976). 
A further permutation to the general amidation procedure involves 
variation in the nucleophilic agent whilst utilising a constant WSC variation 
(Hoare and Koshland, 1966,1967; Lewis and Shafer, 1973; Yamada et al., 
1981). Variation in charge, size, chemical and spectral properties of the 
nucleophile can alter the properties and tertiary structure of the derivatised 
protein (Pho et al., 1977; Carraway and Koshland, 1972; Means and Feeney, 
1971). The ionic character of the derivatised protein, for example, may be 
similar to that of the native protein, generally anionic (Malamud and Drysdale, 
1978), neutral or even cationic. Nucleophiles taurine, glycine methyl ester and 
ammonium chloride, respectively would form such derivatives. 
Caution must be exercised in the selection of nucleophilic agents. 
Large nucleophiles (eg, norleucine methyl ester) have been associated with low 
velocity modifications due to steric and electrostatic factors (Hoare and 
Koshland, 1967). Furthermore, the method employed to quantitatively assess 
the extent to which a protein has been derivatised ultimately depends upon the 
nature of the nucleophilic agent. 
Lewis and Shafer (1973) have described a development of the 
amidation procedure of Haare and Koshland (1967) in which the aspartyl and 
glutamyl residues in a number of enzymes were converted to asparagine and 
glutamine, naturally occuring amino acids themselves. Furthermore, the 
procedure was designed such that the nucleophilic group (ammonia) condensing 
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with the carboxyl groups was of a similar size to that being replaced (O or 
OH). Amidation was achieved with EDC and 5.5M ammonium chloride at 
pH4.75. Lewis and Shafer (1973) suggested that it would be possible to 
establish with greater certainty the role of carboxyl groups in the structure 
and function of a protein using this permutation of the amidation procedure. 
A limited number of studies have described the preparation of 
amidated have derivatives of food proteins. Ma and Holme (1982) and Ma et 
al., (1986) derivatised carboxyl groups of egg albumen with glycine methyl 
ester, and Poole et al., (1987a) prepared a range of derivatives of 13- 
lactoglobulin with different nucleophiles, including glycine methyl ester and 
arginine methyl ester, by the procedure of Hoare and Koshland (1967). 
Mattarella et al., (1983) adopted the procedure of Lewis and Shafer (1973) to 
amidate ß-lactoglobulin. 
The amidation reaction was terminated by dialysis (Ma and Holme, 
1982; Ma et at., 1986; Mattarella et al., 1983), gel filtration (Mattarella et al., 
1983) and by quenching with acetate buffer followed by dialysis (Poole et al., 
1987a). The latter is not recommended (Carraway and Koshland, 1972). Thus, 
dialysis appeared to offer the most convenient and simple means with which to 
remove reagents from the protein product. 
Quantitative determination of the extent to which the proteins had 
been amidated was made with amino acid analysis, by measuring the 
incorporation of the amino acids glycine and arginine into the proteins (Ma and 
Holme, 1982; Ma et al., 1986; Poole et al., 1987)aor by titration of the un- 
derivatised carboxyl groups (Mattarella et al., 1983). 
Changes in the physico-chemical nature of egg albumen and 13- 
lactoglobulin resulting from the effects of reaction conditions, method of 
termination, EDC or nucleophiles separately were not widely reported. Ma 
and Holme (1982) and Ma et al., (1986) investigated the effect of amidation 
with glycine methyl ester on the sulphydryl groups of egg albumen. Ma and 
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Holme (1982) found that the sulphydryl content of egg albumen was not 
substantially affected by limited amidation (35% of carboxyl groups). 
Interestingly, Ma et al., (1986) reported that the sulphydryl content was 
significantly reduced in egg albumen amidated to a limited extent (25% of 
carboxyl groups) but was less significantly reduced in egg albumen amidated to 
a greater extent (69% of carboxyl groups). 
The amidated derivatives of egg albumen and E3-lactoglobulin were 
of a more basic nature than the native proteins as the negatively charged 
(acidic) carboxyl groups were replaced by neutral (glycine) and basic 
(ammonia) moieties. The isoelectric point (pI) of derivatives increased as the 
extent to which the carboxyl groups were amidated increased. Determination 
of the pI of derivatives offers a convenient means of assessing the progression 
of amidation. 
The pI of ß-lactoglobulin (native pI 5.2) was incrementally increased 
by Poole et al., (1987a) using amidation. By varying the concentration of WSC 
and glycine methyl ester in the basic procedure (Hoare and Koshland, 1967) a 
range of derivatives of ß-lactoglobulin with different pI (pl 5.3-5.9) was 
prepared. Ma et al., (1986) adopted a similar approach and two derivatives of 
egg albumen, differing by the extent to which they had been amidated, were 
prepared using different concentrations of glycine methyl ester with a 
constant level of EDC. 
Manipulation of the concentration of nucleophiles for the 
preparation of derivatives of different pI, ie, a partial amidation of the 
carboxyl groups in a protein, is not favoured by Lewis and Shafer (1973). They 
suggest that when the rate of nucleophilic attack on the 0-acylisourea (Figure 
4.3) is impeded then intramolecular side reactions such as rearrangement 
become more significant and nucleophilic attack may be impeded by 
decreasing the concentration of the nucleophile in the protein solution (Lewis 
and Shafer, 1973). Amidation requires an excess of nucleophile to drive the 
reaction to completion (Hoare and Koshland, 1967). An alternative approach 
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lies in the manipulation of the level of EDC to control the extent to which a 
protein is amidated, and thus control the actual activation of the carboxyl 
groups (Lewis and Shafer, 1973). 
A number of studies of the structure-function relationships of 
enzymes have clearly demonstrated that the extent to which the carboxyl 
groups of a protein are amidated (reflected by inactivation of the enzymes) 
increases when the level of EDC used in the procedure is increased, and, if 
amidation is carried out in the absence of a denaturant, by a prolonged 
reaction time (Pho et al., 1977; Perfetti et al., 1976; Eyl and Inagami, 1977). 
The overall objective of this study was to extend the preparation 
and physico-chemical characterisation of amidated derivatives of food 
proteins to bovine blood plasma. The aims of the study were: (i) To adopt the 
amidation procedure of Lewis and Shafer (1973), employing EDC and 
ammonium chloride, for the preparation of amidated derivatives of bovine 
blood plasma proteins, and egg albumen proteins, and (ii) To investigate the 
effect of amidation, the reaction conditions, EDC and ammonium chloride 
separately on the physico-chemical properties of the blood plasma proteins and 
egg albumen proteins. 
This study was undertaken with a view to adopting large-scale 
preparation of selected amidated derivatives of bovine blood plasma proteins 
for an investigation of their functional and physico-chemical properties 
(Chapter 5). 
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4.2 Materials and Methods 
4.2.1 Chemicals 
Ammonium chloride (NH4C1): Sigma Chemical Company Limited, 
Poole, Dorset (Catalogue no. A4514). 
l-Ethyl-3-(3-di methylaminopropyl) carbodiimide (EDC): Sigma 
Chemical Company Limited, Poole, Dorset (Catalogue no. E6383) 
All other chemicals were obtained from BDH Chemicals Limited, 
Poole, Dorset. 
4.2.2 Materials 
Protein samples: Bovine serum albumin (BSA), bovine blood plasma 
and ovalbumin were used (Section 2.1). 
4.2.3 Equipment 
Beckman model J-6B centrifuge. 
4.2.4 Procedure 
The method was essentially that developed by Lewis and Shafer 
(1973) as used by Mattarella et al., (1983). 
A 0.5% (w/v) protein solution was prepared in 5.5M ammonium 
chloride (NH4C1). The pH was adjusted to pH4.75 with 1M hydrochloric acid. 
To start the reaction 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 
was added in a solid or liquid form at a level of 1x 10-1mmol per ml 0.5% 
(w/v) protein solution. The solution was incubated at 25°C and readjustment 
made to pH4.75 as necessary. The reaction was continued for 180 minutes 
with further EDC (1 x 10-1mmol ml-I) added at hourly intervals. The reaction 
was stopped by exhaustive dialysis in 1mM hydrochloric acid at 4°C. 
4.2.5 Development of the Amidation Procedure 
Laboratory scale investigations were undertaken to determine the 
effect of the following on the amidation of BSA and bovine blood plasma: 
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A. Level of EDC 
Amidation was carried out employing EDC at a level of 1x 10-3,1 x 
10 2,1x 10-1 and lmmol EDC m1-1 0.5% (w/v) protein solution to start the 
reaction, and at hourly intervals. 
B. Length of Reaction 
The progression of amidation with 1x 10-3,1 x 10-2,1 x 10-1 and 
lmmol EDC was monitored by removal of 3ml aliquots from the solution at 60, 
120 and 180 minutes. The quantity of EDC added at hourly intervals was 
adjusted to take into account the reduction in volume of the solutions. 
A more detailed investigation of the progression of the amidation of 
BSA was also carried out and 3ml aliquots were removed at 15 minute 
intervals for a period of 180 minutes and at 10 minute intervals for a period of 
60 minutes from solutions containing 1x 10 
2mmol EDC and 1x 10-1mmol 
EDC, respectively. 
C. pH 
Amidation was undertaken at pH4.75 and at pH6.0, the natural pH 
for BSA and bovine blood plasma (0.5% w/v) in 5.5M NH4C1. 
Typically, the volume of protein solution used in the investigations 
was 20m1, although a maximum volume of 50m1 was prepared in some cases. 
Controls were also prepared to investigate the effect of 5.5M 
NH4C1 in the absence of EDC, (NH4C1-control) and EDC (1 x 10-3,1 x 10-2,1 
x 10-1 and lmmol) in the absence of 5.5M NH4C1 (EDC-control) on BSA and 
bovine blood plasma. 
Products were exhaustively dialysed in 1mM hydrochloric acid for 24 
hours, followed by distilled water for 24 hours. A portion of dialysate was 
then tested for the presence of NH4C1. 
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Chloride ions (CI) may be identified using an excess of silver nitrate 
in an acidic environment (Lambert and Muir, 1965). Dialysate (1ml) was treated 
with an excess of 0.1M silver nitrate together with two drops O. IM nitric acid. 
By visual inspection, failure of this mixture to form a white precipitate of 
silver chloride was indicative of a level of less than 0.1mM chloride ions and 
adequate dialysis was judged to have been achieved. Comparison was made to 
standard ammonium chloride solutions. The remaining dialysate was frozen at - 
40°C. 
Products of amidation of bovine blood plasma were centrifuged at 
13008 for 15 minutes at 4°C following dialysis to remove the insoluble 
fibrinogen. 
Investigations described above were also applied to the amidation of 
ovalbumin with the exception of a level of Immol EDC and amidation 
performed at pH6. 
Two amidated derivatives of BSA prepared with 1x 10-2mmol EDC - 
120 minutes and 1x 10-1mmol EDC - 10 minutes were selected for further 
investigation. A repeat laboratory preparation of these products was 
undertaken. 
4.2.6 Ph sico-Chemical Characterisation of Products 
Amidated derivatives of BSA, bovine blood plasma and ovalbumin and 
EDC-control and NH4CI-control preparations were qualitatively characterised 
by isoelectric focusing (IEF) (Section 2.3.1). 
The two derivatives of BSA selectively prepared and EDC-control and 
NH4Cl-control preparations were further characterised by determination of the 
sulphydryl content (Section 2.3.4). In addition, the sulphydryl content of 
amidated derivatives of BSA prepared at pH6.0 with 1x 10-3,1 x 10-2,1 x 10-1 
and lmmol EDC for 60,120 and 180 minutes was determined. The protein 
content of products for which the sulphydryl content was determined was 
confirmed using the Coomassie Brilliant Blue method (Section 2.3.6). 
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4.3 Results 
Isoelectric Focusing Characterisation 
Development of the amidation procedure for BSA, bovine blood 
plasma and egg ovalbumin, as monitored by changes in the isoelectric point (pl) 
with IEF is represented in Plates 4.1 to 4.7 and summarised in Table 4.1. 
Results of the amidation of BSA performed at pH4.75 and pH6.0 
with different levels of EDC (1 x 10-3,1 x 10-2,1 x 10-1 and lmmol EDC m1-1 
0.5% w/v BSA) for 60,120 and 180 minutes are represented in Plates 4.1 and 
4.2 respectively. The prominence of native components (pI range 4.50-5.30) 
diminished as the extent of amidation increased, reflected as an increase in pI 
(eg, 1x 10-2mmol EDC, 60 and 120 minutes, pH4.75 and 1x 10-2mmol EDC, 
120 and 180 minutes, pH6.0), and native components were not identifiable in 
extensively amidated products (eg, 1x 10-2mmo1 EDC, 180 minutes, pH4.75 
and 1x 10-lmmol and 1 mmol EDC, pH4.75 and pH6.0). 
At pH4.75 (Plate 4.1) limited amidation of BSA was achieved with 1 
x 10-3mmol EDC (maximum pI 6.20). More extensive amidation was found 
using 1x 10-2mmol EDC. Products composed of a mixture of acidic and basic 
components (120 minutes; pI range 5.15-7.70) and of an exclusively basic 
nature (180 minutes; pI 9.50) were prepared. Exclusively basic products (pI > 
9.50) were also prepared with 1x 10-1mmol and lmmol EDC. EDC in the 
absence of NH4C1 (control) caused an increase in the maximum pI of BSA, the 
higher the level of EDC employed, the greater the maximum pI attained. 
Deposition of material in IEF gels from products prepared with 1x 10-1mmol 
(60 minutes) and immol (60 minutes) EDC was identified. During amidation, 
cloudy solutions containing a white precipitate were formed after 60 minutes 
in the presence of 1x 10-1mmol and 1mmol EDC, and after 120 minutes with 1 
x 10-2mmol EDC. In addition, colourless gel-like products were formed after 
120 minutes in the presence of 1x 10-1mmol and lmmol EDC. 
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Amidation of BSA at pH6.0 (Plate 4.2) progressed in a similar 
pattern to that observed at pH4.75, although less extensive amidation, in 
terms of maximum pI attained, was achieved with all levels of EDC and 
reaction times employed. EDC in the absence of NH4CI (control) similarly 
caused an increase in the maximum pI of BSA, but to a lesser extent than 
that at pH4.75. 
Results of amidation of bovine blood plasma carried out at pH4.75 
and pH6.0 with different levels of EDC (1 x 10-3,1 x 10-2,1 x 10-1 and 
lmmol EDC ml-1 0.5% w/v bovine blood plasma) for 60,120 and 180 minutes 
are represented in Plates 4.3 and 4.4 respectively. Amidation was not 
achieved with EDC at a level of 1x 10-3mmo1 at pH4.75 or pH6.0. Limited 
amidation was achieved using 1x 10-2mmol EDC, pH4.75 and pH6.0, and 1x 
10-1mmol EDC, 120 minutes, pH6.0, but a shift in prominence of components 
towards those of a more basic nature was identified with a diminished 
presence of more acidic components (pI range 4.50-5.15) (eg, 1x 10-2mmol 
EDC, 120 and 180 minutes, pH4.75; 1x 10-2mmol EDC, 180 minutes, pH6.0; 1 
x 10-1mmol EDC, 60 minutes, pH6.0). 
Extensive amidation was achieved at pH4.75 (Plate 4.3) using 1x 
10-1mmol and lmmol EDC with a loss of components of less than pI 6.50 and 
products contained components of an exclusively basic nature, pI > 9.0. EDC 
in the absence of NH4C! (control) caused an increase in the maximum pl at a 
level of lmmol EDC (pI 9.50) and at a level of 1x 10-1mmol EDC an increase 
in the prominence of basic components was found. Deposition of material in 
the IEF gel (Plate 4.3) from products prepared using 1x 10-1mmol and 1mmol 
EDC was identified at pI 6.50. After 60 minutes solutions were cloudy and 
contained a white precipitate; the amount of which increased with the level 
of EDC present. 
Amidation of bovine blood plasma performed at pH6.0 (Plate 4.4) 
progressed in a similar pattern to that at pH4.75. However, the extent of 
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amidation achieved was lower in terms of maximum pI attained and prominence 
of basic components. Extensive amidation was achieved after 180 minutes using 
1x 10-lmmol EDC and with lmmol EDC only. EDC in the absence of NH4CI 
(control) had no effect on bovine blood plasma except at a level of 1mmol EDC 
(maximum pI 9.50). Deposition of material in the IEF gel (Plate 4.4) was 
identified at pI 6.50 in products prepared using 1x 10-1mmol and lmmol EDC 
and at pI 6.05 in products prepared with 1x 10-3mmol and 1x 10-2mmol EDC, 
EDC-control and NH4Cl-control preparations, and native bovine blood plasma. 
All solutions were initially cloudy in nature and during amidation a white 
precipitate developed. 
Results of amidation of ovalbumin at pH4.75 employing different 
levels of EDC (1 x 10-3,1 x 10-2 and 1x 10-1mmol EDC ml-1 0.5% w/v 
ovalbumin) for 30,60,120 and 180 minutes are represented in Plate 4.5. Limited 
amidation was achieved with 1x 10 
3mmol 
and 1x 10-2mmol EDC, 30-120 
minutes, with an increased prominence of the more basic native components (pi 
range 4.70-4.90) and diminished presence of acidic ones (pI 4.50). Extensive 
amidation was achieved with 1x 10-2mmol EDC after 180 minutes (maximum p1 
8.50) and 1x 10-1mmol EDC (maximum pI 9.50). 
Ammonium chloride in the absence of EDC (control) did not change 
the pI profile of BSA and blood plasma at pH 4.75 and pH 6.0, or ovalbumin at pH 
4.75. 
Results of more detailed investigations of the progression of amidation 
of BSA employing 1x 10-2mmo1 and 1x 10-1mmol EDC ml-1 0.5% (w/v) BSA at 
pH4.75 are represented in Plates 4.6 and 4.7 respectively. 
A stepwise increase was found in the maximum pI of BSA following 
addition of 1x 10-2 mmol EDC at hourly intervals (Plate 4.6). Addition of the 
first portion of EDC, to start the reaction, resulted in a product of maximum pI 
6.60 within 30 minutes. Addition of the second portion (after 60minutes) and the 
third portion of EDC (after 120 minutes) resulted in the formation of products 
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with maximum pI 7.35 and 8.30, respectively, within 15 minutes and only slight 
increases in these maximum pls to 7.60 and 8.60, respectively within 60 
minutes (total time of 120 and 180 minutes respectively). Components of 
major prominence were similar in products formed at 30 and 60 minutes, 75 
and 120 minutes, and 135 and 180 minutes. The prominence of native 
components (pI range 4.50-5.30) decreased as the extent of amidation 
increased, and after 135 minutes native components were unidentifiable. EDC 
in the absence of NH4Cl (control) caused the maximum pI of BSA to increase 
in a similar stepwise manner from pI 5.30 (native BSA) to pl 5.95,6.10 and 6.60 
after 30,75 and 135 minutes respectively. Deposition of material in the IEF 
gel (Plate 4.6) was identified at pl 6.05 after 120 minutes and during amidation 
the solution became cloudy after 120 minutes. 
From Plate 4.7 it appears that amidation of BSA achieved with 1x 
10-1mmol EDC was almost complete within five minutes and a product of 
maximum pI 9.00 was formed with major components of pI 7.50-8.30 and pI 
8.60-9.00. After 60 minutes the product had a maximum pI 9.50 with major 
components of PI 9.10-9.50 was identified. EDC in the absence of NH4C1 
(control) caused an increase in the maximum pI to pI 7.70 within five minutes 
and pI 8.20 within 60 minutes. Although the maximum pI and range was seen 
to change little after five minutes of addition of 1x 10-1mmol EDC, a shift in 
prominence of components towards those of a more basic nature was clearly 
observed. Deposition of material in the IEF gel (Plate 4.7) was identified at pI 
6.60 and during amidation the solution was very cloudy after only 20 minutes 
reaction time. 
The results of IEF characterisation of laboratory scale preparation 
of selected amidated derivatives of BSA employing 1x 10-2mmol EDC for 120 
minutes and 1x 10-1mmol EDC for 10 minutes and EDC-controls and NH4CI- 
control are summarised in Table 4.2. 
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The product prepared with 1x 10-2mmol EDC, 120 minutes had a 
maximum pI 7.50 (pI range 5.25-7.50) with greatly diminished prominence of 
native components (PI range 4.55-5.40). The solution was cloudy after 120 
minutes of amidation, and deposition of material in the IEF gel was identified 
at pl 6.05. EDC in the absence of NH4C1 (control) caused an increase in 
maximum pI to 5.65 (pI range 4.55-5.65). This partially amidated derivative of 
BSA, containing both acidic and basic components, was denoted PA-BSA 
(partially amidated BSA). 
The product prepared with 1x 10-1mmol EDC, 60 minutes had a 
maximum pI of 9.50 (pI range 6.55-9.50) and native components of BSA were 
not identifiable. The solution was cloudy after 10 minutes of amidation and 
deposition of material was identified in the IEF gel at pI 6.55. EDC in the 
absence of NH4CI (control) caused an increase in maximum pI to 7.10 (pI range 
4.60-7.10). Amidation of BSA had been carried out to a greater extent in this 
almost exclusively basic product and was denoted SA-BSA (substantially 
amidated BSA). 
4.3.2 Sulphydryl Content 
The sulphydryl content of SA-BSA, PA-BSA, EDC-controls and 
NH4Cl-control preparations (laboratory scale) is presented in Table 4.3 
The sulphydryl content of laboratory scale preparations of BSA 
amidated at pH6.0 with different levels of EDC (1 x 10-3,1 x 10-2,1 x 10-1 
and lmmol EDC ml-1) for 60,120 and 180 minutes are presented in Table 4.4. 
The surface sulphydryl content of SA-BSA and PA-BSA was lower 
(75% reduction) than that of native BSA. EDC 1x 10-2mmol (control) and 
NH4C1 (control) caused a similar reduction of 18% whilst 1x 10-1mmo! EDC 
caused a greater reduction of 39% in the surface sulphydryl content of BSA. 
The reduction in surface sulphydryl content of BSA was greater with 
increasing reaction time and increasing level of EDC employed for the 
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amidation procedure, in the presence or absence of NH4Cl (Table 4.4). 
However, the sulphydryl content of amidated derivatives prepared with lmmol 
EDC was not consistent with the observed trend, having a greater sulphydryl 
content than products prepared with 1x 10-1m mol EDC. 
The total sulphydryl content was deter r fined for SA-BSA, PA-BSA 
and EDC-control and NH 4CI-control preparations (Table 4.3). The reduction in 
total sulphydryl content compared with native BSA was similar to that 
described for changes in the surface sulphydryls of SA-BSA, PA-BSA and 
controls. 
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Table 4.3 Sulphydryl Content (mol SH mol-1 BSA) of Laboratory Scale 
Preparations of Partially Amidated BSA (PA-BSA), 
Substantially Amidated BSA (SA-BSA), EDC-Controls and 
NH, Cl-Control 
Product mmgl EDC Reaction Sulphydryl cgntent Reduction 
ml 0.5% Length (mol SH mol BSA) (%) 
(w/v) BSA (minutes) 
solution Surface Total Surface Total 
SA-BSA 1x 10-1 10 0.14 0.13 75 77 
PA-BSA 1x 10-2 120 0.15 0.22 73 61 
NH4C1 - None 120 0.46 0.50 18 11 
Control 
EDC- 1x 10-1 10 0.34 0.37 39 34 
Control 
EDC- 1x 10-2 120 0.46 0.46 18 18 
Control 
Native BSA None --- 0.56 0.56 --- --- 
Values represent the mean of two determinations. 
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Table 4.4 Surface Sulphydryl Content (mol SH mol-1 BSA) of Laboratory Scale Preparations of Amidated Derivatives of BSA Prepared at 
pH6.00 
_inmol 
EDC Length of Reaction Surface Sulpýydryl Reduction 
(mL 0.5% w/v BSA) (minutes) (mol SH mol BSA) (%) 
1x 10-3 0 0.43 23 
60 0.44 21 
120 0.44 21 
3 180 0.33 41 1x 10 180 0.33 41 
(no NH4C1) 
1x 10-2 0 0.43 23 
60 0.36 36 
120 0.16 71 
2 180 0.13 77 1x 10 180 0.25 55 
(no NH4C1) 
1x 10-1 0 0.35 38 
60 0.15 73 
120 0.15 73 
-1 
180 0.16 71 
1x 10 180 0.09 89 
(no NH4C1) 
1 0 0.37 34 
60 0.25 55 
120 0.30 46 
180 0.25 50 
1 (no NH4C1) 180 0.09 84 
No EDC 180 0.40 29 
Native BSA 180 0.56 --- 
Determination made in duplicate. 
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4.4 Discussion 
The amidation procedure of Lewis and Shafer (1973) was successfully 
used to prepare basic derivatives of BSA, bovine blood plasma and ovalbumin. 
The extent of amidation, as reflected by the pI, increased with both increasing 
level of EDC employed and reaction time. It may therefore be possible to 
selectively prepare a range of basic amidated products. 
A complex relationship was observed between the extent of 
amidation of BSA, the concentration of EDC and the length of the reaction 
time (Plates 4.6 and 4.7). At lower levels of EDC (1 x 10-2mmol) the addition 
of EDC at hourly intervals had a marked effect on the progress of amidation 
rather than the reaction time. In this case EDC was a limiting factor for the 
amidation. In contrast, at a higher level of EDC (1 x 10-1mmol) the reaction 
time rather than the EDC appeared to most influence the progress of 
amidation. The EDC does not appear to be a limiting factor, and is probably in 
an excess. Thus a level of EDC between 1x 10-2mmol and 1x 10-1mmo! EDC 
appears to be critical for rapid and extensive amidation of the carboxyl groups 
of BSA. 
Amidation of BSA and bovine blood plasma progressed more rapidly 
at pH4.75 than at pH6 for a particular concentration of EDC and reaction 
time (Plates 4.1 - 4.4). These findings were concurrent with those reported 
by Lewis and Shafer (1973), Pho et al., (1977) and Eyl and Inagami (1971). This 
is probably due to the fact that activation of the carboxyl groups and 
subsequent nucleophilic attack by ammonium chloride is dependent upon 
protonation of the carboxylic acid groups. The mean pKa for the R-carboxyl 
groups of aspartate and the a-carboxyl groups of glutamate residues of 
proteins is reported to be 4.6 (Tanford, 1962). This was exploited by Funding 
et al., (1975) who prepared a range of derivatives of human serum albumin 
differing to the extent to which they had been amidated by varying the pH 
(pH4.5-7.0) at which the derivatisation was made. 
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The effect of pH on the conformation of the protein molecule may 
also influence the reactivity of the protein side-chains. The rate of amidation 
of BSA may be influenced particularly around pH4.0-4.5 when the BSA 
molecule is reported to undergo the transition from the normal (N) form to the 
faster migrating (F) form (Foster, 1977 and Peters, 1985). The F state may be 
pictured as a partial opening of the albumin molecule causing the exposure of 
50% of the carboxyl groups and 25% of the phenolic groups of tyrosine which 
had previously been masked. The expansion is driven by mutual electrostatic 
repulsion of the domains and loops of the albumen molecules owing to their 
newly acquired positive charges. Accessibility to the disulphide bonds of BSA 
also varies with pH and in acid solutions the disulphide bonds become 
progressively more reactive (Katchalski et al., 1957). 
Small differences in the IEF profile were found between products 
prepared under similar conditions but on separate occasions (Table 4.1). This 
was thought to be due to difficulties in terminating the reaction rapidly by 
dialysis despite the small volume (3ml) of products. A similar observation was 
made by Mattarella et al., (1983) for amidated derivatives of ß-lactoglobulin. 
The amidated derivatives of BSA, bovine blood plasma and ovalbumin 
comprised a range of components separated by differences in their charge by 
IEF. Incomplete modification of the side-chains of a protein can result in 
either a heterogeneous product containing molecules modified to differing 
extents, or a homogeneous population of partially modified molecules (Feeney 
et al., 1975). The former would seem to be the case in this study. Native BSA 
itself comprised a number of components carrying different changes, and 
amidation was carried out in the absence of a denaturant thus it is unlikely 
that a complete amidation of the carboxyl groups was achieved. 
It was interesting to note that as the amidation of BSA or bovine 
blood plasma progressed with reaction time and with different levels of EDC 
at both pH4.75 and pH6.0 similar sets of component proteins were identified 
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in the partially amidated derivatives. The mechanism of amidation of the 
carboxyl groups of a particular protein appears to be similar for all 
combinations of EDC concentration and reaction time. This finding possibly 
supports the idea that certain carboxyl groups are more accessible for 
modification than others. It is well recognised that some groups are 
derivatised faster than others due to their position and environment in the 
protein molecule (Means and Feeney, 1971; Glazer, 1976) and has been 
demonstrated by Yamada et al., (1981) for the amidation of carboxyl groups in 
lysozyme. 
Amidation of bovine blood plasma and ovalbumin progressed at a 
slower rate compared to the amidation of BSA (Plates 4.1,4.3 and 4.5). The 
reaction pattern of given reagents with one protein cannot be necessarily 
extrapolated to all proteins. Each selected system of protein, WSC and 
nucleophile requires individual investigation as variations in the rates and 
extent of amidation are to be expected (Hoare and Koshland, 1967; Carraway 
and Triplett, 1970). 
EDC, in the absence of ammonium chloride, also caused an increase 
in the basic nature of the proteins, reflected by an increase in the pI, but not 
to the same extent as that obtained in the presence of ammonium chloride 
(Table 4.1). This cannot be attributed to the formation of amide groups, 
or in other words amidation of the protein carboxyl groups (Lewis and Shafer, 
1973). At pH4.75 in the absence of an added nucleophile, the intermediary 0- 
acylisourea (Figure 4.3) may undergo hydrolysis, rearrangement or even 
intramolecular reactions (Hoare and Koshland, 1967). Hydrolysis poses no 
problem as the carboxyl group is regenerated. However, rearrangement and 
intramolecular reactions may deplete the negatively charged carboxyl groups 
with a resultant increase in the positive (basic) nature of the protein 
components. 
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Investigating the effect of EDC on the physico-chemical properties 
of a protein in the absence of an added nucleophile may give an exagerated 
view of the problems associated with employing WSC for the modification of 
the carboxyl groups of proteins. The various reaction pathways of the 0- 
acylisourea are competitive by nature (Hoare and Koshland, 1967) and 
formation of amide groups can only be driven to completion at the 
expense of alternative reaction pathways by an excess of an appropriate 
nucleophile (Hoare and Koshland, 1967; Lewis and Shafer, 1973). In the 
presence of strongly basic nucleophiles , ammonia) hydrolysis of the 0- 
acylisourea and formation of N-acylisourea are not expected (Lewis and 
Shafer, 1973). 
Carraway and Koshland (1972) suggested that the extent of the side- 
reactions of EDC, for example, with sulphydryl groups and phenolic groups of 
tyrosine, may be assessed by observing the effect of WSC in the absence of 
nucleophiles since these side-reactions are dependent only upon the presence 
of the WSC with the protein. BSA treated with EDC had a reduced sulphydryl 
content indicating that a side-reaction has occurred (Tables 4.3 and 4.4). 
Amidated derivatives of BSA also had lower sulphydryl contents compared to 
native BSA. Careful interpretation of changes in the activity or performance 
of a protein resulting from amidation may thus be required. 
Ammonium chloride had little effect in increasing the basicity (pI) of 
native BSA (Table 4.1), which appears to support the findings of Lewis and 
Shafer (1973) who demonstrated that the amide groups do not arise 
through non-covalent binding of ammonia to the protein. 
Deposition of material from derivatised products in the IEF gel at the 
point of application and the formation of cloudy solutions and gel-like products 
during amidation offer evidence of the insolubility of amidated products 
prepared with high levels of EDC (1 x 10-1 and lmmol) and prolonged reaction 
times (120-180 minutes). Decreased solubility is a classic indicator of protein 
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denaturation (Lapanje, 1978). Armstrong and McKenzie (1967) similarly 
reported that amidating BSA with a considerable excess of a WSC resulted in a 
denatured product. 
Chemical derivatisations that alter surface charge characteristics of 
proteins result in the disruption of the three-dimensional, non-covalent, 
structure of the native protein (Habeeb et al., 1958; Mattarella and 
Richardson, 1983). Repulsive electrostatic forces between newly formed 
amide groups and charged side-chains in the extensively amidated 
albumin probably cause an unfolding of the molecules. This may be 
subsequently followed by aggregation, flocculation and gelation of the 
denatured molecules in which non-covalent forces and disulphide-sulphydryl 
interchange are believed to play a role (Joly, 1965a). 
Relatively high sulphydryl contents were found in derivatives of BSA 
prepared using lmmol EDC at pH6.0 (Table 4.4). This may be due to molecular 
unfolding in these extensively amidated derivatives of BSA and disulphide- 
sulphydryl interchange. 
Conclusion 
Basic derivatives of BSA, bovine blood plasma and ovalbumin were 
prepared by the amidation procedure of Lewis and Shafer (1973) using 
ammonium chloride (nucleophile) and EDC (WSC). Selective preparation of 
amidated products may be undertaken by varying the level of EDC, reaction 
time or pH in the general procedure. The extent of amidation and 
repeatability of the procedure was conveniently determined by isoelectric 
focusing. Assessment of the minor side-reactions of EDC with protein 
was 
sulphydryl groups/made by reacting EDC in the absence of the nucleophile with 
the protein. Amidated products prepared with a large excess of EDC in 
combination with prolonged reaction times were denatured. 
CHAPTER 5 
MACROSCALE PREPARATION AND CHARACTERISATION OF 
AMIDATED BOVINE SERUM ALBUMIN 
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CHAPTER 5 
5.1 Introduction 
Food proteins are intentionally chemically modified for the study of 
structure-function relationships and to alter or extend their functional 
properties (Feeney, 1977; Shukla, 1982; Feeney et al., 1982; Fox et al., 1982; 
Kester and Richardson, 1984; Feeney and Whitaker, 1985; Jimenez-Flores and 
Richardson, 1987). The nutritional quality of a protein as well as its functional 
characteristics in a food is of paramount importance in the utilisation of 
proteins in food systems (Jimenez-Flores and Richardson, 1987). However, 
only a limited number of studies have been undertaken to alter or extend the 
functional properties of food proteins by derivatising the side-chain groups of 
non-essential amino acids, for instance, the carboxyl groups of aspartic and 
glutamic acids (Ma et al., 1986; Ma and Holme, 1982; Mattarella and 
Richardson, 1982,1983; Mattarella et al., 1983; Halpin and Richardson, 1985; 
Poole et al., 1987a and b). As discussed in Section 4.4 amidation of the 
carboxyl groups using a water soluble carbodiimide (WSC) and a nucleophile 
such as ammonium chloride offers a convenient and little studied means by 
which to derivatise the carboxyl groups of food proteins. 
The functional properties (solubility, foaming, gelation and 
emulsification) of amidated derivatives of egg albumen and ß-lactoglobulin 
have been investigated by Ma and Holme (1982), Ma et al., (1982) and 
Mattarella and Richardson (1983). Attempts were made to relate changes in 
the functional properties, as a result of amidation, to the physico-chemical 
properties of the amidated derivatives. Essentially, amidation of egg albumen 
and ß-lactoglobulin was found to offer no advantage, in terms of extending the 
functional properties, over the native proteins. 
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In the case of extensively amidated ß-lactoglobulin (78% of the 
carboxyl groups amidated) the emulsifying activity was lower than that of 
native ß-lactoglobulin and it was adsorbed at the oil/liquid interface to a 
lesser extent than native ß-lactoglobulin (Mattarella and Richardson, 1983). In 
addition, heat induced coagulation of egg albumen was retarded in partially (25 
and 35%) and extensively (69%) amidated derivatives of Ogg albumen compared 
to native egg albumen (Ma and Holme, 1982; Ma et al., 1986). These changes 
were thought to arise from the increase in the net positive charge on the 
derivatised proteins (a direct result of blocking carboxyl groups with neutral or 
basic moieties) which promotes electrostatic repulsion between the protein 
molecules and thus hinder the formation of a coagulum and association of the 
polypeptides at the oil/water interface (Ma et al., 1986; Ma and Holme, 1982,; 
Mattarella and Richardson, 1983). 
Furthermore, the solubility of extensively amidated ß-lactoglobulin 
was found to decrease with increasing pH, ie. closer to its pI of 9.8, in contrast 
to the high solubility of native ß-lactoglobulin over the pH range 5-8 
(Mattarella and Richardson, 1983). 
However, Ma et al., (1986) found that although the emulsifying 
capacity of partially (25%) and extensively (68%) amidated derivatives of egg 
albumen was lower than that of the native protein, the emulsifying activity 
and emulsion stability were both greater. These changes did not correlate 
with the interfacial tension of the amidated derivatives and were thus 
attributed to changes in other physico-chemical properties, such as 
hydrophobicity. 
The foaming and cake baking properties of the partially and 
extensively amidated egg albumen were not found to be markedly different to 
those of native egg albumen (Ma et al., 1986). 
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Blocking the side-chain carboxyl groups in a protein with neutral or 
basic moieties has the effect of making that protein more basic (pI > 7), 
thereby yielding a protein with a greater net positive charge at a given pH 
(cationic) (Section 4.4; Ma and Holme, 1982; Ma et a!., 1986; Mattarella et al., 
1983 and Poole et al., 1987a). Richardson and Kester (1984) have suggested 
that more positively charged proteins, particularly with a pI in the region of 9- 
10, possess potentially useful physico-chemical properties. The majority of 
proteins are acidic and possess a net negative charge at neutral pH (anionic) 
(Malamud and Drysdale, 1978). Electrostatic interactions between anionic 
proteins and those protein derivatives with a net positive charge could lead to 
the formation of soluble or insoluble complexes. 
Recently, a number of different food proteins have been amidated 
and esterified to yield positively charged derivatives which interact strongly 
with negatively charged food proteins (di Gregorio and Sisto, 1981; Mattarella 
and Richardson, 1982; Poole et al., 1987a and b). Indeed, esterified, positively 
charged (polycationic) proteins have been proposed as electrostatic coagulants 
for milk proteins to form insoluble cheese-like materials (di Gregorio and 
Sisto, 1981). Mattarella and Richardson (1982) have demonstrated that 
amidated and esterified positively charged derivatives of S-lactoglobulin bind 
strongly with milk proteins (casein micelles) and that the presence of 
increasing amounts decreases the rennet coagulation time of milk proteins. In 
the presence of high concentrations of the positively charged derivatives 
coagulation of the milk proteins ensued without addition of the rennet extract. 
Thus, proper manipulation of non-covalent interactions between proteins could 
prove useful in formulating new food products and may be an important 
consideration in the development of new food proteins. 
The interaction of negatively and positively charged proteins may be 
observed as a natural phenomenon in egg albumen. Egg albumen is a natural 
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heterogeneous protein system, the constituent proteins of which possess 
different isoelectric points (pI) and thus carry different charges (see Section 
1.4). 
Lysozyme, amounting to 3.4% of egg albumen, is a basic protein 
(pI10.7) and carries a positive charge at neutral pH (Powrie and Nakai, 1986). 
Lysozyme has been shown to form complexes with a number of acidic 
(negatively charged) component proteins of egg albumen: ovomucin 
(Hawthorne, 1950; Cotterill and Winter, 1955; Klotz and Walker, 1948). 
conalbumin (Ehrenpreis and Warner, 1956) and ovalbumin (Forsythe and Foster. 
1950; Nichol and Winzor, 1964; Klotz and Walker, 1948; Nakai and Kason, 
1974). It is thought that lysozyme exists in the form of complexes with the 
component proteins in egg albumen. 
It has been demonstrated that the ovomucin-lysozyme interaction is 
electrostatic in nature, involving the terminal sialic acid residues in ovomucin 
and the positive charges of the lysyl E-amino groups in lysozyme (Kato et al., 
1975). The ovomucin-lysozyme interaction is markedly affected by pH, ionic 
strength and cations (Cotterill and Winter, 1955; Kato et al., 1975; Robinson, 
1972). 
Several workers have examined the role of protein-protein 
interactions in the foaming and baking performance of egg albumen 
(MacDonnell et al., 1955; Garibaldi et al., 1968; Sauter and Montoure, 1972; 
Cunningham, 1976; Johnson and Zabik, 1981a, b and c; Poole et al., 1984). 
Stability of egg albumen foams and cake volume is attributed to the 
electrostatic interaction of lysozyme with ovomucin and to a lesser extent the 
other component proteins. 
The role of protein-protein interactions in the gelation properties of 
egg albumen proteins has also been studied, but to a limited extent 
(Cunningham and Lineweaver, 1965; Johnson and Zabik, 1981d; Matsudomi et 
al., 1986,1987). Electrostatic interactions in gelation properties of the egg 
albumen proteins between lysozyme and ovalbumin are 
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reported to play a part in the initial stages of heat induced aggregation of the 
egg albumen proteins (Matsudomi et al., 1986,1987). 
In light of this natural phenomenon (ie, electrostatic interaction of 
component proteins in egg albumen), Poole et al., (1984,1986) supplemented a 
number of acidic proteins (eg, BSA, ovalbumin) with naturally occurring basic 
proteins lysozyme (pI 10.7) and clupeine (pI 12) (Malamud and Drysdale, 1978). 
The basic proteins enhanced both the foaming and gelation properties of 
acidic proteins at neutral pH. Furthermore, combinations of acidic and basic 
proteins were found to exhibit tolerance to lipids such as egg yolk which are 
normally potent inhibitors of foaming (Baldwin, 1986). The effect was 
attributed to enhanced protein-protein interactions arising from attractive 
electrostatic forces at the inter-isoelectric pH values of the acidic and basic 
component proteins. The balance of attractive forces was found to be critical. 
If an excess of basic protein was present the molecules interacted too strongly 
and precipitation occurred in solution thereby rendering the protein 
functionless. Poole et al., (1984,1986) have thus exploited the controlled 
formation of soluble protein complexes. 
In an extension to these studies, amidation of ß-lactoglobulin was 
undertaken to prepare a range of basic derivatives of different pI (mean pI 5.3- 
9.90) (Poole et al., 1987a and b). Derivatives with a pI in excess of 7 enhanced 
the foaming properties of acidic proteins at neutral pH. However, only 
derivatives with a pI in excess of 9.0 were capable of promoting foaming in the 
presence of lipid. Thus, the difference in the pI of the acidic and basic 
components of a system must be sufficiently great so that at intermediate pH 
values (inter-isoelectric point) they interact strongly enough to give good 
foaming properties (Poole et al., 1987a). 
In addition, the gelation of acidic proteins at neutral pH in the 
presence of sucrose was enhanced by basic derivatives of ß-lactoglobulin. It 
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was suggested that in addition to electrostatic forces of attraction, dominant 
factors for the gel structure formation, perturbation of the tertiary structure 
of the acidic protein by the basic protein may have a secondary role to play in 
gelation of acidic-basic protein systems (Poole et al., 1987b). 
Secondary effects resulting from chemical modifications play a 
major role in altering the functional properties of proteins (Richardson and 
Kester, 1984). For example, derivatisations that result in a change in the net 
surface charge of protein molecules (for instance amidation) may possibly 
bring about a series of inter-related secondary changes, such as enhanced 
surface hydrophobicity of a protein by exposing buried hydrophobic residues, 
which in turn play a role in altering the functional properties of a protein. 
It is therefore imperative to take into account the effects of the 
derivatisation procedure itself, ie, chemicals, pH, processing steps, on a 
protein and the physico-chemical properties of the modified protein 
preparation in order that changes in the functional properties may be properly 
explained. 
The aims of this study, following the laboratory scale investigations 
of the amidation of BSA (Chapter 4) were to (i) selectively prepare two 
amidated derivatives of BSA; a substantially amidated (SA-BSA) preparation of 
an entirely basic nature, and a partially amidated (PA-BSA) preparation 
comprising a mixture of both acidic and basic component proteins, (ii) to 
investigate and compare the physico-chemical and functional properties of the 
SA-BSA and PA-BSA preparations, and (iii) to investigate the effect of the 
chemicals and conditions employed in the amidation procedure itself on the 
functional and physico-chemical properties of native BSA. An attempt was 
made to relate changes in the functional properties to the physico-chemical 
characteristics of the individual preparations. 
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5.2 Materials and Methods 
5.2.1 Chemicals 
Chemicals used for amidation were as detailed in Section 4.2.1. 
5.2.2 Materials 
Protein sample: Bovine serum albumin (BSA) (Secton 2.1) 
5.2.3 Equipment 
Pellican cassette system ultrafiltration unit equipped with a PMIO 
membrane: Millipore (UK) Limited, Harrow, Middlesex. 
5.2.4 Procedure 
A 'partially' amidated derivative (PA-BSA), a product containing 
both positive and negative component proteins, and a 'substantially' amidated 
derivative (SA-BSA), a product containing entirely basic component proteins 
were prepared using the general amidation procedure (Section 4.2.3). PA-BSA 
was prepared with 5.5M ammonium chloride (NH4Cl) and 1x 10-2mmol EDC 
ml-1 0.5% (w/v) protein solution for 120 minutes, and SA-BSA was prepared 
with 5.5M NH4C1 and 1x 10-1mmol EDC ml-1 0.5% (w/v) protein solution for 
10 minutes. 
The reaction was terminated by rapid dialysis with 12 litres of 
distilled water using an ultrafiltration unit in accordance with the 
manufacturers instructions. Dialysis was continued until lml filtrate failed to 
produce a white precipitate with excess silver nitrate (Section 4.2.4). The 
product was then concentrated by ultrafiltration in accordance with the 
manufacturers instructions and the total starting volume recovered. The 
protein content (0.5% w/v) was confirmed using the Coomassie Brilliant Blue 
method (Section 2.3.6). 
Controls for the effect of 5.5M NH4C! in the absence of EDC 
21 
(NH4C1-control), 1x 10- and 1x 10- mmol EDC in the absence of NH4C! 
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(EDC-control) and ultrafiltration processing for 2.5 hours and 5 hours 
(ultrafiltration-control) on BSA were also prepared. 
5.2.5 Physico-Chemical Characterisation of Products 
Two separate preparations of SA-BSA, PA-BSA and controls were 
characterised by: isoelectric focusing (IEF) (Section 2.3.1), polyacrylamide gel 
electrophoresis (PAGE) (Section 2.3.2), and determination of surface and 
exposed hydrophobicity (Section 2.3.3), sulphydryl group content (Section 2.3.4) 
and disulphide bond content (Section 2.3.5). Determinations were made in 
duplicate on two separate occasions. 
5.2.6 Functional Properties of Amidated Proteins 
Two separate preparations of SA-BSA, PA-BSA and controls (0.5% 
w/v) were subject to the whipping test (Section 2.4.2) at pH7, in duplicate. 
Additionally, a number of investigations were carried out to determine the 
following: 
A: The Effect of NH,, CI on the Foaming Properties of BSA 
Solutions of BSA (0.5% w/v) were prepared containing 1M, 10mM, 
1mM and 0.1mM NH4CI. The pH was adjusted to pH7 using 0.5M hydrochloric 
acid or 0.5M sodium hydroxide and the solutions were subjected to the 
whipping test in duplicate. Determinations were made on two separate 
occasions. 
B: The Effect of pH on the Foaming Properties of PA-BSA 
Solutions of PA-BSA (0.5% w/v) were adjusted to pH4, pH7 and pH9 
using 0.5M hydrochloric acid or 0.5M sodium hydroxide and subjected to the 
whipping test in duplicate. Comparison was made to solutions of native BSA 
whipped at pH4, pH7 and pH9. 
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C: The Effect of the Addition of SA-BSA to Native BSA 
A stock solution of BSA (0.5% w/v) was mixed with SA-BSA(0.5% 
w/v) in the ratios 49: 1; 19: 1; 9: 1; 4: 1; 1: 1; 1: 4; and 1: 9 to give a volume of 
250m1. The pH of each solution was adjusted to pH7 with 0.5M hydrochloric 
acid or 0.5M sodium hydroxide and the solutions subject to the whipping test in 
duplicate. Solutions of BSA and SA-BSA were separately whipped as controls. 
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5.3 Results 
5.3.1 Physico-Chemical Characterisation of Products 
Electrophoretic Characterisation 
Results of IEF characterisation of SA-BSA, PA-BSA, EDC-control, 
NH4Cl-control and ultrafiltration (2.5h)-control preparations are summarised 
in Table 5.1 and represented in Plate 5.1. 
Ultrafiltration processing and NH4C1 (controls) caused no 
identifiable change to the pI profile of native BSA (pI range 4.60-5.30). EDC 
at a level of 1x 10-2mmol (control) did not increase the maximum pI but slight 
changes in the prominence of the native components were identified. EDC at 
a level of 1x 10-1mmol (control) caused an increase in maximum pl of native 
BSA, to pI 6.40, a diminished presence of the more acidic native components, 
and the appearance of new more basic components. 
SA-BSA had a different pI profile depending upon the point of 
application on the IEF gel in relation to the cathode (Plate 5.1). Components 
were of a basic nature when SA-BSA was applied nearer the cathode and 
native components were not identifiable. Prior to terminating the reaction SA- 
BSA was found to be very cloudy. 
PA-BSA had a maximum pI of 7.50 with a greatly diminished 
presence of native components of BSA, and comprised both acidic and basic 
components. Prior to terminating the reaction PA-BSA was also found to be 
cloudy. 
Results of PAGE of SA-BSA, PA-BSA, NH4Cl-control and 
ultrafiltration (2.5h)-control preparations using the methods of Davis (1964) 
for acidic proteins and Reisfeld et al., (1962) for basic proteins are presented 
as Rf values of component proteins in Table 5.2 and in Plates 5.2 and 5.3 
respectively. 
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Plate 5.2: Polyacrylamide Gel Electrophoresis (Davis, 1964) of Macroscale 
Preparations of Substantially Amidated BSA (SA-BSA), Partially 
Amidated BSA (PA-BSA), NH4CI-Control and Ultrafiltration 
(2.5h)-Control 
Key: 1. Native BSA 
2. Ultrafiltration-Control 
3. NH4CI-Control 
4. PA-BSA 
5. SA-BSA 
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Plate 5.3: Polyacrylamide Gel Electrophoresis (Reisfeld et al., 1962) of 
Macroscale Preparations of Substantially Amidated BSA (SA- 
BSA), Partially Amidated BSA (PA-BSA), NH 4 Cl-Control and 
Ultrafiltration (2.5h)-Control 
Key: 1. Native BSA 
2. Ultrafiltration-Control 
3. NH 4 Cl-Control 
4. PA-BSA 
5. SA-BSA 
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Table 5.2 Polyacrylamide Gel Electrophoresis of Macroscale 
Preparations of Substantially Amidated BSA (SA-BSA), 
Partially Amidated BSA (PA-BSA) and NH4Cl-Control and 
Ultrafiltration (2.5h)-Control 
Method of Davis (1964) for Method of Reisfeld et al., (1962) for 
Acidic Proteins Bas ic Proteins 
Rf SA PA Controls Native SA PA Controls Native 
Value BSA BSA NH4C1 UF BSA BSA BSA NH4C1OF BSA 
0 VD P 
0.02 
0.04 
0.06 (P/D) 
0.08 VP VD 
0.10 P/D VP VP VP 
0.12 VP P/D P 
0.14 VP P/D P/D 
0.16 VP VP VP 
0.18 P 
0.20 P/D P/D 
0.22 
0.24 P P/D 
0.26 P/D P/D P/D 
0.28 
0.30 
0.32 P/D PP P 
0.34 P/D 
0.36 
0.38 
0.40 P 
0.42 
0.44 VD VD VD 
0.46 P/D P/D P/D VP 
0.48 
0.50 D 
0.52 VP 
0.54 
0.56 D 
0.58 
0.60 
0.62 
0.64 
0.66 
0.68 P VD VD VD P 
0.70 
Key: 
VD Very Dark band visible 
D Dark band visible 
P/D Pale-Dark band visible 
p Pale band visible 
VP Very Pale band visible 
(based on four determinations) 
146 
Electrophoresis in basic conditions (pH8.3) (Davis, 1964) showed 
native BSA to consist of three components with Rf values 0.67,0.46 and 0.32 
in descending order of prominence. Ultrafiltration and NH 4CI (controls) 
caused no apparent change in the number, prominence or mobility of the 
components of native BSA. SA-BSA did not penetrate the resolving gel. 
However, PA-BSA comprised a larger number of components than native BSA, 
three of which had similar mobility but different prominence to those of 
native BSA, Rf values 0.50,0.67,0.32 in descending order of prominence. 
Minor components of lower mobility were also identified in PA-BSA. 
Electrophoresis in acidic conditions (pH4.5) (Reisfeld et al., 1962) on 
the other hand showed native BSA to consist of four components, the 
mobility, prominence and number of which remained unchanged by NH4CI and 
ultrafiltration (controls). SA-BSA comprised seven components of wide 
ranging mobility (Rf 0.1-0.68), those of lowest mobility being most prominent. 
Some material from SA-BSA was retained at the point of application. PA-BSA 
was found to have four major components similar to native BSA, but of greater 
mobility. 
Hydrophobicity 
The surface hydrophobicity (S0) and exposed hydrophobicity (Se) of 
SA-BSA, PA-BSA, NH4CI-control and ultrafiltration (2.5h)-control 
preparations are presented in Table 5.3. 
The So of the preparations was greater than the Se. 
Ultrafiltration and NH4C1 (controls) caused significant decreases (p 
< 0.01 and p<0.05 respectively) in the So of native BSA. However, the Se of 
native BSA was not significantly changed (p > 0.1) by ultrafiltration or NH4C1 
(controls). SA-BSA had a significantly greater (p < 0.001) So and Se compared 
to native BSA. Similarly, the So and Se of PA-BSA were significantly greater 
/p < 0.001 and p<0.05 respectively) to those of native BSA. 
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Table 5.3 Surface Hydrophobicity (S) and Exposed Hydrophobicity (Se) of 
Macroscale Preparations of Substantially Amidated BSA (SA- 
BSA), Partially Amidated BSA (PA-BSA), NH4Cl-Control and 
Ultrafiltration (2.5h)-Control 
Hydrophobicity SA-BSA PA-BSA NH Cl 4 Control 
Ultrafil- 
tration 
(2.5h)- 
Control 
Native 
BSA 
Surface (S ) 3215***+ 1907* 1818* 1947** 2158 o ±76 ±158 ±181 ±107 ±33 
Exposed (S ) 2561***+ 1376***+ 931 994 1006 e 
28 109 82 25 ±90 
Values represent means standard deviation of four determinations with the 
exception of S of native BSA and PA-BSA where values r epresent means standard e deviations of six determinations. 
Student t-tests were made with comparison to native BSA. 
*p<0.05 
**p<0.01 
*** p<0.001 
+ also significantly different (p < 0.001) from ultrafiltration (2.5h)-control 
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The So of SA-BSA, and the Se of SA-BSA and PA-BSA were 
significantly greater (p < 0.001) than the So and Se of ultrafiltered BSA 
(control), respectively. However, the So of PA-BSA were non-significantly 
different (p > 0.1). The So and Se of NH4Cl-control were also non- 
significantly different (p > 0.1) to those of ultrafiltered BSA (control). 
The relative fluorescence intensities of the preparations from which 
the S0 and Se were determined are tabulated in Appendix 5. 
Sulphydryl Content 
The surface and total sulphydryl content (mol SH mol-1 BSA) of SA- 
BSA, PA-BSA, EDC-control, NH4Cl-control and ultrafiltration (2.5h)-control 
preparations are presented in Table 5.4 
Ultrafiltration (2.5h) caused no significant change in the surface and 
total sulphydryl content of native BSA. However, the surface sulphydryl 
content of native BSA was significantly reduced by 1x 10-1mmol EDC, NH4C1 
and 1x 10-2mmol EDC (controls) (p < 0.001, p<0.01 and p<0.05, 
respectively, in descending order of significant loss effected). The total 
sulphydryl content was significantly reduced by 1x 10-1mmol EDC (control). 
NH4C1 and Ix 10-2mmol EDC (controls) did not cause a significant reduction 
(p > 0.1) in the total sulphydryl content of native BSA. 
SA-BSA and PA-BSA had significantly lower (p < 0.001) surface and 
total sulphydryl contents compared to native BSA. 
Preparations of SA-BSA, PA-BSA, NH4C1-control, and 1x 10-1mmol 
EDC-control had significantly lower (p < 0.001, p < 0.001, p<0.05, p<0.01, 
respectively) surface sulphydryl contents compared to ultrafiltered BSA 
-2 (control), whereas 1x 10 mmol EDC-control had a non-significantly different 
surface sulphydryl content. The total sulphydryl content of SA-BSA, PA-BSA 
and 1x 10-1mmol EDC-control was also significantly lower (p < 0.001, p< 
149 
>. C 
(U ýr 
y ca 
LO 
yC 
CO 
CO 
-Z 0 
fi 
Co c 0 
(D U 
U 
T 
UZ y 
O uj 
ÜO 
(0 L 
O 
U 
U 
UJ 
m 
-Z 
öm 
E< 
a 
I" Ln Q 
öm 
E 
ý. a CO 
C .ý 
Q 
U 
io 
>' 
-c m 
LI 
f0 Q 
Ov 
NO 
C 
O 
O 
(n Q . 
Ni 
aý Q > Ln ým 
cm 
z 
LrN 
LrN o 
ö +C? 
Lrý 
Lrý o 
C3 +C? 
U 
a) 
o. y 
c. 
aý 
H 
Z^ O 
L. 
U- 
N 75 
CW 
xOQ 
U 
ow 
-y xOO 
EU 
° 
=c 
Z0 U 
Lr) 
a 
Q 
Ul) 
m 
Q 
LO 
N ýp 
NO ýý O 
*M cr, C! C7-, 9 
* + * '. * 1,0 O O 
.ý n p v1 -7 
p e 
v ý O +I O +I 
* L C 
c) Vlý 
*L 
ýo^ 
c:, CD 
N CD N N p d 
* r- * Ln "o CD CD Cý p . -1 N O 
Ö Ö +I +i 
Q Q 
( U) 
m m 
E ;, E 
Ü C C I >, CU Ln >1 LO cc -C -Fd -C 
n n C' E ° Ü 
c c U º- Lo 
r 
c 
c 
O U 
>, 
T 
L 
Q 
C 
C 
0 
U 
O 
a) Q1 
C 
Qý 
Ci 
cu 
n 
y 
C 
O 
c0 O 
E C 
C. 
O 
0 
U 
O L 
c 
4- co O 
4- 
0 
cu 
> Z 
co C 
O 
+-+ 
co 
I- 
O O cD 
cu c 
N 
D O E 
"v 
L fV 
a 
O 
co c E " 
M U 
c 
a) 
+i L O 
C '-' 
cc 3 v- 
m a) cu 
E m 
c m U y 
0Q cn ö 
CU Lr) Q) 72 
9. = 
CL 
4. J 
I 
Lrý 
yy c oa 0 
c ' C- 
CU o 
Cl. 
> .J cn *** + 
150 
0.001 and p>0.05 respectively) than that of ultrafiltered BSA (control). 
However, the total sulphydryl content of NH4Cl-control and 1x 10-2mmo1 
EDC-control was non-significantly different (p > 0.1). 
Disulphide Content 
The disulphide content (mol SS mol-1 BSA) of SA-BSA and PA-BSA 
is presented in Table 5.5. PA-BSA contained a significantly lower (p < 0.01) 
number of disulphide bonds compared to native BSA. In contrast, SA-BSA had 
a significantly greater (p < 0.05) number of disulphide bonds compared to 
native BSA. 
5.3.2 Functional Properties of Products 
The foaming properties, ie, foam expansion (FE), foam liquid 
stability (FLS) and foam volume stability (FVS) of SA-BSA, PA-BSA, and 1x 
10-1mmol EDC-control, 1x 10-2mmol EDC-control, NH4Cl-control and 
ultraf iltration (5. Oh and 2.5h)-control preparations are presented in Table 5.6 
and Figures 5.1 and 5.2. 
Ultrafiltration processing caused a reduction in the foaming 
properties of BSA. The effect of ultrafiltration processing on the foaming 
properties of BSA was greater after 5 hours processing than after 2.5 hours 
processing. 
The foaming properties of PA-BSA were superior to those of native 
BSA. The foam was very stiff and visibly composed of a very large number of 
very small air bubbles compared to the rather wet foam of native BSA, 
composed of larger air cells. However, the foaming properties of SA-BSA, 
EDC-controls and NH4CI-controls were poor compared to those of native BSA, 
and were similar to those of ultrafiltered BSA. 
151 
Table 5.5 Disulphide Content (mol SS mol-l BSA) of Macroscale 
Preparations of Substantially Amidated BSA (SA-BSA) and 
Partially Amidated BSA (PA-BSA) 
SA-BSA PA-BSA NATIVE 
BSA 
Disulphide 
Content 
-1 
13.57** 7.86*** 11.99 
mol SS mol BSA ± 0.67 ± 1.90 ± 0.53 
Values represent mean ± standard deviation of four determinations with the 
exception of native BSA where six determinations were made. 
Student t-tests made with comparison to native BSA 
*p<0.01 
*** p<0.001 
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The effect of NH4CI on the foaming properties of BSA is presented 
in Table 5.7 and Figure 5.3. NH4C1 enhanced the foaming properties of BSA 
particularly at concentrations greater than 10mM NH4C1. 
The effect of pH on the foaming properties of BSA and PA-BSA is 
presented in Table 5.8 and Figure 5.4. The FE of native BSA was greatest at 
pH4 and poorest at pH9, whereas the FE of PA-BSA was greatest at pH7 and 
poorest at pH4, ie, FE of native BSA pH4> pH7 > pH9 and FE of PA-BSA pH7 > 
pH9 > pH4. The FLS and FVS of the BSA and PA-BSA foams followed a similar 
trend. 
The interaction of native BSA and SA-BSA during foaming is 
presented in Figures 5.5 and 5.6. The foaming properties of BSA increased 
with increasing levels of SA-BSA and were greatest at a ratio of 1: 1, SA-BSA 
to native BSA. As the amount of SA-BSA in the solutions increased in 
proportion relative to native BSA, the solution became increasingly cloudy. At 
a ratio 1: 1, SA-BSA to native BSA, a slimy precipitate was formed. 
The foam volume (ml) and liquid drainage (ml) for the above foaming 
tests and from which the FE, FLS and FVS were calculated are tabulated in 
Appendix 5. 
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Table 5.6 Foaming Properties of Substantially Amidated BSA (SA-BSA), 
Partially Amidated BSA (PA-BSA) and Controls (0.5%): Foam 
Expansion 
SA-BSA PA-BSA NH[ý Cl 10- 1 1x10-2 Ultrafiltration Native 
Control mmol mmol 2.5h 5. Oh BSA 
EDC EDC 
Control Control Control Control 
Foam 231 1440 262 264 198 249 217 320 
Expansion (%) 
Whipped at pH7. 
Based on results of four replicates, with the exception of native BSA where 
eight replicates were used. 
Table 5.7 Effect of Ammonium Chloride (NH4CI) on the Foaming Properties of BSA 
(0.5%): Foam Expansion 
BSA- BSA- BSA- BSA- NATIVE 
0.1mM 1mM 10mM 1M BSA 
NH4Cl NH4Cl NH4C1 NH4C1 
Foam 
Expansion 344 367 550 1780 340 
Whipped at pH7 
Based on results of four replicates 
Table 5.8 Effect of pH on the Foaming Properties of Partially Amidated 
BSA (PA-BSA) (0.5%): Foam Expansion 
pH4 pH7 pH9 
Native PA-BSA Native PA-BSA Native PA-BSA 
BSA BSA BSA 
Foam 
Expansion 460 256 360 1200 252 316 
{ Mio) 
Based on results of two replicates. 
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Figure 5.2: Foaming Properties of Substantially Amidated BSA (SA-BSA) 
and Partially Amidated BSA (PA-BSA) (0.5%), Whipped at pH7: 
Foam Liquid Stability (A) and Foam Volume Stability (B); 
Native BSA ("), SA-BSA (6), PA-BSA (A), NH4C1 (5.5m) 
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5.4 Discussion 
Electrophoretic Characterisation 
Macroscale preparations of amidated BSA were similar to those 
prepared on a laboratory scale (Section 4.3), as indicated by IEF (Tables 4.2 
and 5.1). However, the effect of EDC in the absence of ammonium chloride 
(NH4C1) (control) on BSA was less marked in the macroscale preparations, as 
judged by the increase in pI and appearance of more basic components. This 
may indicate a reduced cross-reactivity of EDC with side groups in the protein 
other than the carboxyl groups, such as sulphydryl groups (Carraway and 
Triplett, 1970) or a reduction in the intra- and inter-molecular reactions of the 
0-acylisourea (EDC-activated carboxyl product) (Hoare and Koshland, 1967) in 
the absence of a nucleophile. Furthermore, the IEF profile of products 
prepared under similar conditions but on separate occasions was very similar 
(Plate 5.1), indicating a greater reproducibility of the macroscale amidation 
procedure compared to that of the laboratory scale procedure. 
The above improvements may be attributed to the ultrafiltration 
procedure employed to terminate the reaction by removing the reagents from 
the protein product. Ultrafiltration offers a more rapid means (2.5-5.0 hours) 
to terminate the reaction than dialysis (48 hours) employed for laboratory 
scale investigations. 
Depending upon the position of application of SA-BSA to the IEF gel 
surface in relation to the cathode, different IEF profiles were obtained (Plate 
5.1). Soave et al., (1975) reported a similar phenomenon for the IEF patterns 
of zeins isolated from maize. Applied near the cathode, SA-BSA comprised 
fewer components, and deposition of material in the gel at the point of 
application possibly indicated the insolubility of the SA-BSA preparation near 
its pl. Mattarella and Richardson (1983) found that amidated ß-lactoglobulin 
(p1 9.8) decreased in solubility close to its isoelectric point (pH 8-10). It is 
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thus recommended that amidated protein products of a basic nature are 
focused from the anode. 
Streaking was found near the point of application in the favoured, 
anodic IEF pattern of SA-BSA which may be due to insoluble (denatured) or 
high molecular mass components in the SA-BSA preparation. 
Electrophoresis under basic conditions indicated that native BSA 
existed primarily in a monomeric form, although dimeric and polymeric forms 
were also evident (Plate 5.2), in agreement with Peters (1975). Dimeric and 
polymeric forms of BSA are reported to be artefacts of the preparation 
procedure, and levels increase during storage (Andersson, 1966). 
Ultrafiltration and NH4CI had no apparent effect on this pattern. PA-BSA 
appeared to exist predominantly in a dimeric form, although larger molecular 
weight components of low mobility indicated the presence of polymeric forms 
also. SA-BSA did not penetrate the resolving gel, and this may be due to its 
incompatibility with the electrophoretic environment of pH8.3 (see Section 
2.3.2) which is close to the mean pl of SA-BSA. SA-BSA appeared to be 
insoluble close to its pI, as evidenced by IEF. 
Electrophoresis of BSA under acidic conditions yielded a different 
pattern to that observed under basic conditions (Plate 5.3). A characteristic 
of BSA is the ease with which it aggregates to form dimers, particularly at low 
pH (Putnam, 1965). It is generally reported that electrophoresis of albumen 
below pH5 is characterised by complex patterns (Peters, 1975). In this study 
electrophoresis under acidic conditions showed SA-BSA to consist of a 
heterogeneous population, predominantly of a low mobility and thus high 
molecular weight components. Retention of material at the point of 
application and streaking indicate SA-BSA also contained insoluble (denatured) 
material. 
Dimeric and polymeric molecular forms have been reported to exist 
in amidated ß-lactoglobulin (pI 9.8) (Matterella et al., 1983). 
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Hydrophobicity 
The So of BSA was high, in accordance with findings of Kato and 
Nakai (1980) and Kato et al., (1983) and was found to be greater than the Se 
(Table 5.3). 
This may be due to an interaction between BSA and SDS during 
determination of the Se of BSA. Anionic detergents, such as SIDS, are believed 
to form complexes with proteins through cross-linking non-polar residues and 
positively charged lysine residues in the protein (Markus et at., 1964; Imoto et 
al., 1979). This would effectively reduce the numbers of hydrophobic residues 
available for interaction with the fluorescent probe, CPA. 
The formation of complexes with SDS protects proteins from 
denaturation with heat, urea and low pH (Stewart et al., 1974; Markus et al., 
1964). Furthermore, in some cases, the a-helix content of proteins is 
increased in the presence of SDS (Mattice et al., 1976). Detergents are 
believed to be drastic denaturants (Lapange, 1978) however their interaction 
with proteins has been shown to be complex and is reviewed by Lapange (1978). 
Kato et al., (1984) have employed very low concentrations of SDS to 
measure the hydrophobicity of insoluble proteins. 
Thus, the use of SDS in combination with heat, for the 
determination of the Se of proteins (Townsend and Nakai, 1983) to effect a 
change in the conformation of a protein corresponding to that found at the air- 
water interface (Townsend and Nakai, 1983) or arising from heat treatment 
(Voutsinas et al., 1983) may require further investigation. 
The S0 and Se of SA-BSA were significantly greater (p < 0.001) than 
the S0 and Se of native BSA respectively (Table 5.3). This finding concurs with 
those of Mattarella and Richardson (1983) and Ma et at., (1986) who found that 
the hydrophobicity of extensively amidated derivatives of ß-lactoglobulin (78% 
of carboxyls amidated) and egg albumen (69% of carboxyls amidated) was 
significantly greater than that of the native protein. These findings probably 
reflected significant changes in the conformation of the protein molecules 
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(Kato et at., 1981,1983) as a secondary effect to the amidation of a large 
population of the carboxyl groups in a protein. 
PA-BSA on the other hand had a lower S0 than native BSA (Table 
5.3). This may be attributed to ultrafiltration processing. PA-BSA and 
ultrafiltered BSA had similar So, lower than the So of native BSA. Therefore, 
partial amidation of a protein does not appear to have been accompanied by 
changes in the hydrophobic nature at the surface of the molecule, in 
agreement with the findings of Ma and Holme (1982) and Ma et at., (1986). 
However, the Se of PA-BSA was significantly greater (p < 0.001) to that of 
native, and ultrafiltered BSA. This probably indicates that conformational 
changes had taken place but to a limited extent compared to those 
accompanying extensive amidation, such that the native molecular 
configuration at the surface of the protein was retained. 
The increases in hydrophobicity discussed above were probably 
brought about by repulsive electrostatic forces between the newly introduced, 
positively charged, amide groups, with attendant exposure of the hydrophobic 
groups and a change in the molecular configuration. Spectral characterisation 
(UV-difference spectra, circular dichroism) of extensively amidated ß- 
lactoglobulin (pI 9.8) revealed that it had indeed undergone conformational 
changes to a more random configuration than the native protein, confirming 
hydrophobicity data (Mattarella et al., 1983; Mattarella and Richardson, 1983). 
The findings of this study are consistant with the concept that chemical 
derivatisations that alter surface charge characteristics result in the 
disruption of the three dimensional structure of the native protein. 
The charged, anionic fluorescent probe cis-parinaric acid (Sklar et 
al., 1976) employed for determination of the hydrophobicity of proteins (Kato 
and Nakai, 1980; Townsend and Nakai, 1983) has been reported to 
electrostatically interact with positively charged proteins in an environment 
of low ionic strength (Mattarella and Richardson, 1983). The hydrophobicity 
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data of this study may therefore require cautious interpretation. However, 
the surface hydrophobicity of basic derivatives of E3-lactoglobuin (amidated 
and esterified) determined using the fluorescent probe method (Kato and 
Nakai, 1980) and by an alternative method involving hydrophobic binding of 
heptane to the surface of the molecule (Mohammadzadeh et al., 1969) 
compared well, although the data from the latter method reflected more 
closely changes in the conformation of the derivatives, as determined by 
circular dichroism (Mattarella and Richardson, 1983). 
Sulphydryl Content 
Native BSA contained 0.55mo1 sulphydryl groups mol-I BSA, located 
at the surface of the molecule (Table 5.4), in close agreement with Hoshi and 
Yamauchi (1983) and Fernandez-Diez et al., (1964). Ultrafiltration did not 
significantly affect the sulphydryl content of BSA. 
EDC, in the absence of NH4C1 (control), caused a decrease in the 
sulphydryl content of BSA, indicating side-reactions had occurred (see Section 
4.4). However, the decrease was less than that found in laboratory scale 
preparations of EDC-controls (Table 4.3,4.4 and 5.4) probably due to rapid 
removal of EDC from the protein by ultrafiltration. In addition, NH4C1 in the 
absence of EDC (control) caused a decrease in the sulphydryl content. The 
reduced sulphydryl content of SA-BSA and PA-BSA compared to native BSA 
are probably due in part to the effects of the reagents NH4CI and EDC of BSA 
during derivatisation. 
Another reason may be due to the heterogeneity of the protein 
components of SA-BSA and PA-BSA. The sulphydryl content of BSA has been 
shown to be inversely proportional to its electrophoretic heterogeneity 
(Fernandez-Diet et al., 1964). The monomeric form of BSA has a sulphydryl 
content somewhat greater than its dimeric and polymeric forms (Andersson, 
1966). Thus a change in the relative proportions of monomer, dimer and 
polymer forms in BSA may cause a change in the sulphydryl content. 
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Ma and Holme (1982) and Ma et al., (1986) reported that partially 
and extensively amidated egg albumen had non-significantly lower sulphydryl 
contents compared to native egg albumen. The apparent difference between 
the effect of EDC on the suiphydryl groups of BSA and egg albumen may arise 
as a result of the difference in accessibility and reactivity of the sulphydryl 
groups of the two proteins, as demonstrated by Fernandez-Diez (1964). This 
study indicates that the suiphydryl groups of BSA were surface located. 
The lower sulphydryl content of SA-BSA compared to PA-BSA may 
be attributed to a greater electrostatic repulsion between newly formed amide 
groups in the more extensively amidated molecule, thus promoting greater 
conformational changes and facilitating access of EDC to previously 
unreactive or inaccessible sulphydryl groups. 
Disulphide Content 
Native BSA contained 12 disulphide bonds (mot SS mot-' BSA) lower 
than the normally reported 17 (Hoshi and Yamauchi, 1983; Peters, 1985). This 
is probably due to methodological problems, for example, spontaneous 
reformation of sulphydryl groups following chromatographic separation of the 
reducing agent (dithiothreitol) from the reduced BSA and just prior to the 
determination of the numbers of sulphydryls. Johanson et al., (1981) reported 
that 90% of the sulphydryl groups in reduced albumin are re-oxidised in the 
first hour. 
It is therefore essential that the separation of dithiothreitol from 
the reduced protein and the determination of the sulphydryl content of the 
reduced protein are carried out rapidly and under reducing conditions 
(nitrogen). 
PA-BSA contained approximately half the number of SS bonds to 
native BSA (Table 5.5). This may be due to an increase in the apparent 
molecular weight, the result of the dimerisation of the albumin molecules, as 
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evidence by PAGE under basic conditions. An apparent doubling of molecular 
weight would effectively halve the numbers of calculated SS bonds. 
Foaming Properties 
The foaming properties of native BSA were superior at pH5, close to 
its isoelectric point (pI 4.7) (Peters, 1975), compared to pH7 or pH9 (Table 5.8, 
Figure 5.4). At this pH the net charge on the albumen molecule is zero. Thus 
interpeptide electrostatic repulsion is minimal and self-association is favoured 
(Dickinson and Stainsby, 1982). The strength of protein films surrounding air 
cells has been shown to be greatest near the pI of a protein (Crumper, 1953; 
Graham and Phillips, 1976; Mita et al., 1977,1978). Furthermore the energy 
barrier opposing interfacial adsorption and spreading is lowest at the pi of a 
protein (MacRitchie, 1978). 
Ultrafiltered BSA had poor foaming properties in comparison to 
native BSA, particularly after five hours processing (Table 5.6, Figure 5.1) 
which may be due to the lower So of ultrafiltered BSA. Although the So of 
proteins is not directly correlated with the foaming properties of proteins 
(Townsend and Nakai, 1983), So is believed to play a governing role in 
triggering foaming (Kato and Nakai, 1980; Nakai, 1983; Kato et at., 1983). 
Proteins possessing high So are more forcefully adsorbed at the interface 
between air and water and cause a pronounced reduction in surface tension 
that readily facilitates foaming (Kato et al., 1983; Shimizu et al., 1983). In 
addition, ultrafiltration of BSA may also involve a loss of low molecular 
weight peptides and free amino acids contained in the native preparation 
(molecular weight membrane cut-off of 10,000) which could also influence 
foaming properties. 
Ammonium chloride enhanced the foaming properties of native BSA 
(Table 5.7, Figure 5.3). Changes in the foaming properties attributed to 
amidation must clearly be made with due regard to the effect of NH4CI and 
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its effective removal from the derivatised protein. Dialysis procedures 
reported in the literature were found to be inadequate for the removal of 
NH4C1 from larger volumes (250-500m1). It is recommended that 
ultrafiltration should be used. The enhanced foaming properties of BSA in the 
presence of NH4CI may be attributed to ionic shielding of charged groups in 
the albumin molecule (Dickinson and Stainsby, 1982). Charged ions also affect 
the solubility and conformation, and thus foaming properties, of proteins 
(Crumper, 1953). 
EDC in the absence of NH4C1 (control) had essentially no effect on 
the foaming properties of BSA. Despite the cross-reactivity of EDC with the 
sulphydryl groups, as evidenced by the reduction in the sulphydryl content of 
the EDC-control preparations, foaming properties of EDC-controls were very 
similar to those of ultrafiltered BSA. 
The foaming properties of PA-BSA, a heterogeneous product 
comprising a mixture of both acidic and basic component proteins were 
markedly superior to those of native BSA at neutral pH (Table 5.6, Figure 5.2). 
The superior foaming properties of basic and acidic proteins in neutral solution 
are thought to be due to electrostatic interactions between charged molecules 
in the films around the air cells (Castle et al., 1987; Poole et al., 1987a; 
Johnson and Zabik, 1981c). 
Foaming properties of PA-BSA were enhanced in comparison to 
those of native BSA only at neutral pH, ie, nearer the mid-point of the pI 
range of the component proteins, thus allowing maximum electrostatic 
interactions (Table 5.8, Figure 5.4). Most of the recently reported work 
relates to the interaction of acidic and basic proteins from different sources 
(Poole et al., 1984,1986,1987a and b). However this study demonstrates that 
a protein preparation containing acidic and basic components from a single 
source also displays excellent foaming properties and may conveniently be 
prepared by partially amidating a native acidic protein. 
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It has been suggested that basic and acidic proteins migrate to the 
air-water interface either separately or as complexes and form a continuous 
network around the air cells in which the molecules are effectively cross- 
linked by electrostatic forces of attraction (Poole et al., 1984). In this study, 
PA-BSA existed predominantly in a dimeric form, as indicated by PAGE, 
possibly due to electrostatic interaction of the component proteins in solution. 
Therefore, PA-BSA would arrive at the air-water interface as a complex. 
Since electrostatic forces are stronger than other intermolecular attractive 
forces, such as van der Waals and hydrophobic forces, the strength of the film 
and thus foam stability will be greater than in foams prepared from a single 
protein. 
The basis of electrostatic attraction and repulsion between charged 
colloids can be explained in terms of interactions between the diffuse 
electrical double layers surrounding such particles. This is addressed by 
Dickinson and Stainsby (1982) and Friberg (1976). Essentially, oppositely 
charged macromolecules attract each other because their diffuse double layers 
neutralise each other and the colloids can approach closely enough for short 
range attractive forces to come into operation. 
PA-BSA had a significantly greater Se than native BSA (Table 5.3). 
The Se has been positively correlated with the foam expansion of a protein 
(Townsend and Nakai, 1983). Thus the enhanced Se of PA-BSA may also, in 
part, contribute towards the enhanced foaming properties of the PA-BSA. 
The foaming properties of SA-BSA, a heterogeneous product 
containing basic components, were similar to those of ultrafiltered BSA (Table 
5.6, Figure 5.2). Extensive amidation of the carboxyl groups and attendant 
changes in So and Se had little effect on the foaming properties of BSA. Ma et 
al., (1986) also found this to be the case for extensively amidated egg albumen. 
It is interesting to note that very basic proteins clupeine (pI 12.6) and 
lysozyme (pI 10) do not foam (Poole et al., 1984; Howell, unpublished 
observation). 
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The S0 and Se of SA-BSA were significantly greater than those of 
native BSA (Table 5.3). Since the So is thought to play a governing role in 
foaming and the Se is positively correlated with foam expansion (as discussed 
above), the foaming properties of SA-BSA may be expected to be greater than 
those of native BSA. However, the surface properties of proteins ultimately 
depend upon a suitable balance between the hydrophilic and hydrophobic 
nature of a protein and do not necessarily increase as the protein becomes 
more hydrophobic (Aoki et al., 1981), as would seem to be the case in this 
study. 
Furthermore, SA-BSA was partially insoluble (denatured) as 
indicated by IEF and PAGE, and probably existed as a more disordered random 
structure. Surface active properties of proteins (foamability) also depend on 
their ability to rapidly adsorb, unfold and occupy a greater area at an 
interface (Graham and Philips, 1979). These attributes are closely 
related to protein conformation. Song and Damodaran (1987) have 
demonstrated that an optimum ratio of ordered to disordered structure in a 
protein seems to be essential for rapid adsorption and rearrangement at the 
air-water interface, and thus good foamability. In the case of BSA this ratio 
appears to be 50% a-helix and 50% random coil. The stability of foams 
prepared from disordered, random coil proteins, such as 8-casein, is very low 
due to the poor rheological properties (visco-elasticity) of their adsorbed films 
(Graham and Philips, 1979). A certain degree of residual tertiary 
structure is required for good visco-elasticity of surface films and thus film 
and foam stability (Phillips, 1981). 
Therefore, despite the very hydrophobic nature of SA-BSA the 
disordered random structure may confer poorer foaming properties upon the 
protein in comparison to, for example, a hydrophobic protein but having a 
more ordered configuration, eg, PA-BSA. 
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Native BSA supplemented with SA-BSA showed enhanced foaming 
properties which increased with the proportion of SA-BSA in the preparation. 
The interaction may be attributed to electrostatic interactions between the 
negatively charged BSA (pI 4.7) and the positively charged SA-BSA (pI range 
7.0-9.1) at neutral pH. Poole et al., (1984) reported a similar interaction for 
BSA and lysozyme, but found that a critical balance of charged proteins was 
necessary for maximum interaction. In this study maximum foaming 
properties were achieved at a ratio of 1: 1, SA-BSA to native BSA. 
Forces other than electrostatic interactions may also contribute to 
the interaction of SA-BSA with native BSA, such as hydrophobic forces 
between the very hydrophobic SA-BSA and native BSA. 
Conclusions 
Reproducible, large-scale preparation of selected amidated 
derivatives of BSA was achieved. Ultrafiltration processing resulted in rapid 
termination of the reaction thus minimising side-reactions of EDC and was an 
effective means of removing ammonium chloride from the preparations. 
Substantially amidated BSA comprised a heterogeneous mixture of 
entirely basic components. The product was partially denatured and had 
undergone significant conformational changes, as indicated by isoelectric 
focusing, electrophoresis and enhanced hydrophobicity. The foaming 
properties of substantially amidated BSA were similar to those of native BSA, 
but were enhanced by an interaction with native BSA at neutral pH, and 
particularly at a ratio of 1: 1, SA-BSA: native BSA. The interaction was 
thought to be primarily electrostatic in nature. 
Partially amidated BSA comprised a heterogeneous mixture of both 
acidic and basic component proteins. Denaturation and substantial 
conformational changes were not evident. Partially amidated BSA exhibited 
superior foaming properties to native BSA and substantially amidated BSA at 
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neutral pH. This was attributed to the electrostatic interaction of the acidic 
and basic component proteins. 
A partially modified protein comprising both acidic and basic 
components from one source, rather than mixing proteins from different 
sources, may thus be used to prepare large volume, stable foams. It may 
therefore be possible to extend the foaming and other functional properties of 
bovine blood plasma by a partial amidation of the carboxyl group. 
CHAPTER 6 
MODIFICATION OF BOVINE BLOOD PLASMA AND EGG ALBUMEN 
PROTEINS WITH L-ASCORBIC ACID 
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CHAPTER 6 
6.1 Introduction 
L-ascorbic acid (vitamin C) is used as a valuable functional additive 
in a number of foods and food ingredients. The functions of L-ascorbic acid, 
as a preservative and processing aid, include: development and stabilisation of 
colour and flavour and inhibition of Clostridium botuli, 
üm 
outgrowth in cured 
meat products; prevention of enzymic browning of cut fruit; flour and bread 
improver; reducing agent in wine; oxygen scavenger in bottled and canned fruit 
and vegetables, and beer and antioxidant in frozen fish, oils and fats, and milk 
products (Borenstein, 1987; Bauernfeind, 1982; Bauernfeind and Pinkert, 1970; 
Birch and Parker, 1974; Counsell and Hornig, 1981). In this role L-ascorbic 
acid is added to food in essentially a non-nutrient capacity since much of the 
added ascorbic acid undergoes degradation to protect the quality of the food 
product (Bauernfeind, 1982). 
L-ascorbic acid is the generic name for L-threo-2-hexanono- 
1.4. lactone. It is a six-carbon (C6H806) compound structurally similar to the 
carbohydrates. It contains a double bond between the C-2 and C-3 carbons 
(Figure 6.1). The forms of ascorbic acid available to the food industry are L- 
ascorbic acid, and the sodium and calcium salts, and the 6-palmitate ester 
(Liao and Seib, 1987; Bauernfeind, 1982). 
The physico-chemical properties of L-ascorbic acid have been 
reviewed by Jaffe (1984) and Lewin (1975). 
L-ascorbic acid is a water soluble (33g ascorbic acid in 100g water), 
white crystalline compound, with a melting point (with decomposition) of 190- 
192°C. The versatility of L-ascorbic acid as a food additive is due to the ene- 
diol grouping which confers on the molecule a number of important physico- 
chemical properties (Lewin, 1975). Ascorbic acid ionises in two stages as the 
pH of its aqueous solution is raised on addition of alkali (Figure 6.1). The two 
pK values at 16-18°C are reported to be 4.17 and 11.57 
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(Birch and Harris, 1933). The ionisations take place at the C-2 OH and C-3 OH 
sites. Despite the bifunctional ene-diol group ascorbic acid behaves as a 
monobasic acid, sufficiently acidic to form neutral salts with bases. This 
behaviour is attributed to the stability of the monoanion relative to the 
completely dissociated form (Martell, 1982). 
The ascorbate system (ascorbic acid/ascorbate, ascorbate free 
radical, dehydroascorbic acid) is involved in oxidation-reduction activity 
(Figure 6.1). The redox potential of this system is +0.058V at pH7.0 and 25- 
30°C (Ball, 1937). Oxidation of ascorbic acid either by a one or two electron 
transfer is probably the most important property of ascorbic acid in relation to 
its role in food (Liao and Seib, 1987). The oxidation-reduction pathway is 
involved in the antioxidant (Bielski, 1982; Cort, 1982; Liao and Seib, 1987) and 
oxygen scavenger (Liao and Seib, 1987) activities of L-ascorbic acid. 
In addition, the ascorbate anion possesses the ability to form 
chelates with metallic cations (Fe 
3+ 
and Cut+) (Martell, 1982; Gorman and 
Clydesdale, 1983) and complexes with proteins (Fleming and Bensch, 1983; 
Ohtsuru and Hata, 1979). 
Ascorbic acid also has surface tension reducing activity by virtue of 
its essentially planar ring structure and hydrophobic section (Lewin, 1974, 
1975) . Depending on the temperature and composition of the solutions 10-3 
and 10-2M ascorbate solutions lower interfacial tension at the air-water 
interface by about 10-15 dynes per cm. 
Solutions of ascorbic acid exposed to air or oxygen undergo 
oxidative decomposition, the rate of which is accelerated by dissolved trace 
metals (Cu2+, Fe 
3+) (Martell, 1982) and light exposure (Lewin, 1975). 
Oxidation is also pH dependent showing maxima rates at pH5 and pH11.5 
(Rogers and Yacomeni, 1971; Spanyar and Kevei, 1963). In addition, the 
stability of ascorbic acid in foods is additionally affected by such factors 
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as water activity, oxidative enzymes, heat treatment and the presence of 
other reactants or oxidants (Bauernfeind, 1982). 
Ascorbic acid is capable of decomposing in a number of different 
ways (Thewlis, 1971). Oxidative decomposition proceeds first (reversibly) to 
dehydroascorbic acid, and continues (irreversibly) to diketogulonic acid and 
various other breakdown products. 
The structure and reactions of dehydroascorbic acid have been 
reviewed by Tolbert and Ward (1982) and Seib (1985). Dehydroascorbic acid is 
the first product resulting from the oxidation of ascorbate. It is highly 
unstable in aqueous solution because it is highly reactive, easily reduced and 
because its ring structure is easily ruptured by hydrolysis to give 2.3. 
diketogluconic acid, a more potent reducing agent than ascorbic acid (Borsook 
et al., 1937). It is stable only in the limited pH range 2-4 (Tolbert and Ward, 
1982). Dehydroascorbic acid reacts with compounds containing sulphydryl 
groups such as cysteine, and glutathione and because the anhydrous form of 
dehydoascorbic acid possesses active carbonyl groups it reacts with amino 
groups (Lewis, 1975). The latter reaction is widely used for the determination 
of dehydroascorbic acid. 
Dehydroascorbic acid is thought to be involved in the browning of 
citrus juices and some dehydrated foods (fruit and vegetables) (Kurata et at., 
1973; Hayashi et al., 1985). Amino-carbonyl reactions of dehydroascorbic acid 
with the c-amino group of lysine in proteins, involving Strecker degradation, 
have been suggested to cause the browning (Otsuka et al., 1986). 
As a flour or bread improver L-ascorbic acid is of major importance 
in conventional batch dough-making, ie, the Chorleywood Bread Process, 
(Fitchett and Frazier, 1986; Bauernfiend, 1982). At a level of 75ppm L- 
ascorbic acid a good improvement in loaf volume and crumb structure is 
achieved (Chamberlain, 1981). Ascorbic acid is a most acceptable additive in 
bread as it is a vitamin and results of toxicological studies indicate the safety 
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of human intakes of up to 4g per day (Korner and Weber, 1972). However, its 
use as a bread improver confers no additional nutritional benefit since the 
vitamin is destroyed in the finished loaf (Chamberlain et al., 1966; Thewlis, 
1971). 
The improver action of L-ascorbic acid on bread was first 
recognised in 1935 by Jorgensen (Fitchett and Frazier, 1986). It was found 
that small amounts of L-ascorbic acid caused a pronounced increase in dough 
strength (ie, an improvement), contrary to the action of other chemical 
reducing agents which tended to weaken wheat flour dough. However, Melville 
and Shattock (1935) discovered that the active improving agent was infact the 
oxidising form of L-ascorbic acid, L-dehydroascorbic acid, and suggested that 
there existed in flour a mechanism whereby this oxidation could be easily 
effected. 
In order to understand the mechanism of action of ascorbic acid as 
an improver it is necessary to consider the action of oxidative improvers in 
general. The effects of most oxidising and reducing agents are dependent upon 
their reaction occurring during dough mixing, consequently modifying the 
process of mechanical development of the dough protein structure (Bloskma, 
1978; Fitchett and Frazier, 1986). 
The gluten proteins (comprising glutenin and gliadin) of wheat flour 
are recognised as being those of importance in bread making (Schofield, 1986; 
Kasarda et al., 1978; Pomeranz, 1978). Mixing and development of dough 
brings about a change in the rheological characteristics of dough such that it 
becomes extensible with visco-elastic properties and capable of inflation by 
finely dispersed gas bubbles even during rapid expansion in the oven. This 
reflects a gradual unravelling of the gluten proteins, and their rearrangement 
and reorganisation into parallel fibres that facilitates cohesiveness and 
extensibility (Bloksma, 1978; MacRitchie, 1986). 
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Thiol-disulphide interchange reactions, as shown in Figure 6.2 and 
summarised by the equation: 
R1SSR2 + XSH -- >R1SH + R2SSX 
play an important role in the development of the structure and rheological 
properties of dough (Grosch, 1986; Bloksma, 1978). Endogenous low molecular 
weight thiols (XSH) such as glutathione play a catalytic role in the interchange 
reactions. 
Several studies, reviewed recently by Grosch (1986) and Kaufman et 
al., (1986), have demonstrated that small molecular weight thiols (eg, 
glutathione) and disulphide compounds (eg, dithiothreitol) cause dough 
weakening when they undergo interchange reactions with disulphide bonds of 
gluten. However, the reverse, ie, dough strengthening, has been found to 
occur with sulphydryl blocking compounds such as iodoacetic acid and N- 
ethylmaleimide (NEMI). The similarity in the rheological effects of thiol 
blocking agents and oxidants such as iodate and bromate have led workers to 
the conclusion that the action of both groups of reagents is based on the 
removal of endogenous sulphydryl compounds which otherwise weaken a dough 
by excessive disulphide-sulphydryl interchange. 
This leads to one theory of the mechanism through which oxidative 
improvers have their effect. It is thought endogenous low molecular weight 
thiols are taken out of circulation and by promoting the formation of 
disulphide bonds the dough develops the necessary toughness and extensibility 
(Meredith, 1965; Tsen, 1965; Nicolas, 1980; Elkassabany and Hoseney, 1980; 
Elkassabany et al., 1980). 
In a recent expansion of this theory Ewart (1985) has suggested that 
endogenous low molecular weight thiol compounds interfere with free 
sulphydryl groups on the proteins in the gluten matrix. This so-called 'end 
blocking effect' prevents these sulphydryls from participating in desirable 
interchange reactions that link the gluten subunits together as the dough 
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develops. Oxidative improvers are thought be be effective because they react 
with the low molecular weight thiols and prevent their end-blocking effect. 
Other theories for the action of oxidative improvers include direct 
oxidation of adjacent thiol groups on gluten proteins to form intra- and inter- 
chain disulphide bonds and inhibition of proteolytic enzymes of the papain type 
present in flour, either by oxidation itself or of thiol compounds responsible 
for activating the enzyme, thus preventing the weakening of the protein 
structure which would otherwise take place (Chamberlain, 1981). Gaseous 
oxygen itself exerts an improving effect by direct action on thiols and as a 
result of enzymic formation of lipid hydroperoxides (Chamberlain, 1981). 
Lipid hydroperoxides are primary products of the autoxidation of endogenous 
lipids in flour and are strong oxidising agents (Klaui, 1985). 
The action of L-ascorbic acid as a dough improver is not well 
understood although the mechanism of action has been extensively 
investigated, as reviewed by Fitchett and Frazier (1986), Grosch (1986), 
Kaufman et al., (1986). It differs widely from that of other chemical oxidants 
as there is a requirement for atmospheric oxygen, and enzymes have been 
implicated as part of this mechanism. 
In summary, it is thought that a coupled enzyme which utilises L- 
ascorbic acid and thiol compounds exists in flour (Figure 6.3) (hair and Grosch, 
1979, Tsen, 1965). L-ascorbic acid oxidase (catalyses the oxidation of L- 
ascorbic acid to L-dehydroascorbic acid) and an additional heat stable catalyst 
(heavy metal ions, copper and iron) that oxidises ascorbic acid (D and L 
isomers), and related compounds, have been reported to exist in flour. The 
improver action of L-dehydroascorbic acid then arises from its involvement in 
the reaction of endogenous glutathione with a redox enzyme, thought to be 
glutathione dehydrogenase. 
However, this cannot fully account for the strengthening effects of 
ascorbic acid on dough as other remaining small molecular weight thiols are 
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able to cause dough weakening (Kaufman, 1986). It has been suggested that 
non-enzymic oxidation, mediated by heavy metal ions, or indirect oxidation as 
a side-reaction to the activity of other oxidative enzymes can probably 
generate all the L-dehydroascorbic acid required for the improving effect of 
L-ascorbic acid to be observed (Carter and Pace, 1965; Elkassabany et al., 
1980; Meredith, 1965). 
Zentner (1968) suggests that in addition to the oxidative effect of 
ascorbic acid a 'binding effect' between ascorbic acid and gluten may occur 
which interferes with the protein-protein interactions. 
Ascorbic acid has an effect on short-time chemically developed 
doughs that is distinctly different from its effect on conventional mixed 
dough. However, it is the action of ascorbic acid as an oxidative improver 
that is of interest in this study. 
The use of L-ascorbic acid to alter or extend the functional 
properties of food proteins, other than wheat flour proteins, appears to have 
received little attention. Howell and Lawrie (1985) employed ascorbic acid in 
the investigation of the gelation mechanisms of bovine blood plasma and egg 
albumen proteins. It was found that ascorbic acid improved the gel strength 
and breaking strength of egg albumen gels. The authors suggested that the 
addition of ascorbic acid, which is both a permitted additive and a vitamin, 
might be used in food product formulation to increase the gelling properties of 
certain globular proteins. 
The aims of this study were to (i) investigate the effect of L- 
ascorbic acid on the functional properties of bovine blood plasma and egg 
albumen proteins, (ii) investigate the effect of L-ascorbic acid on the physico- 
chemical properties of bovine blood plasma and egg albumen proteins and (iii) 
relate changes in the functional properties to the physico-chemical properties 
of ascorbic acid-treated proteins. 
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6.2 Materials and Methods 
6.2.1 Chemicals 
L-Ascorbic Acid: BDH Chemicals Limited, Poole, Dorset, 
(Catalogue no. 10303, Analar grade). 
All other chemicals were obtained from BDH Chemicals Limited, 
Poole, Dorset. 
6.2.2. Materials 
Protein samples: Bovine serum albumin (BSA), ovalbumin, bovine 
blood plasma and egg albumen (Section 2.1). 
6.2.3 Preparation of Proteins Treated with Ascorbic Acid 
Foam in 
Solutions of proteins (0.5% w/v) were prepared as detailed in Section 
2.4.2. Ascorbic acid was added to give a concentration of 1.0,0.5 or 0.1% 
(w/v) in the final volume (250m1). The natural or native pH of the preparation 
was noted and in certain cases the pH was adjusted to pH7 with 0.5M sodium 
hydroxide. Solutions of proteins (0.5% w/v) treated with ascorbic acid (1,0.5 
or 0.1% w/v) but containing 30% (w/v) sucrose were similarly prepared. 
Gelation 
Solutions of proteins (6% w/w) containing 45% (w/w) sucrose were 
prepared as detailed in Section 2.4.3. Ascorbic acid was then added to 
provide a concentration of 1.0 or 0.5% (w/w) in the final solution (100g). The 
natural pH of this preparation was noted and adjusted to pH7 with 0.5M sodium 
hydroxide. 
6.2.4 Physico-Chemical Characterisation of Proteins Treated with Ascorbic Acid 
Ascorbic acid-treated protein solutions as prepared for whipping 
tests (Section 6.2.3.1), ie, 0.5% (w/v) protein solutions, pH7, treated with 0.1, 
0.5 and 1.0% (w/v) ascorbic acid, were characterised by: isoelectric focusing 
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(IEF) (Section 2.3.1), polyacrylamide gel electrophoresis (PAGE) (Section 2.3.2) 
and determination of surface and exposed hydrophobicity (Section 2.3.3) and 
surface and total sulphydryl content (Section 2.3.4). Determinations were 
made in duplicate on two separate occasions. 
In addition, the sulphydryl content of 0.1,0.5 and 1.0% (w/v) 
ascorbic acid-treated BSA (0.5% w/v) was monitored during the whipping 
process by withdrawing 2m1 samples from the whipping bowl at timed 
intervals. 
Further, the hydrophobicity of 1.0% (w/v) ascorbic acid treated 
proteins (0.5% w/v) incubated at room temperature (22°C) for 16 hours at the 
natural pH (3.0-3.4) for the solutions, was determined. The hydrophobicity of 
bovine blood plasma incubated for 16 hours at pH3.4 (the pH associated with 
solutions of 1% w/v ascorbic acid treated 0.5% w/v bovine blood plasma) in the 
absence of ascorbic acid was also monitored. In this case 1M hydrochloric acid 
was used to adjust the pH of the bovine blood plasma solution (0.5% w/v) to 
pH3.4. 
6.2.5 Functional Properties of Proteins Treated with Ascorbic Acid 
Ascorbic acid-treated protein solutions (Section 6.2.3) were 
subjected to an investigation of their foaming (Section 2.4.2), gelation (Section 
2.4.3). 
6.2.5.1 Foaming 
Solutions of BSA (0.5% w/v) treated with 0.1,0.5 and 1.0% (w/v) 
ascorbic acid were incubated at room temperature, 22°C, for 0,3 and 16 
hours. The pH during incubation remained at the natural pH (acidic) for the 
individual preparations, but solutions were adjusted to pH7 with 0.5M sodium 
hydroxide prior to whipping. 
Ovalbumin (0.5% w/v) solutions treated with 0.1 and 1.0% (w/v) 
ascorbic acid were incubated, as above, for 0 and 16 hours, then whipped at 
pH7. 
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Solutions of bovine blood plasma and egg albumen (0.5% w/v) 
treated with 0.1,0.5 and 1.0% (w/v) ascorbic acid were incubated, as above, 
for 0,3 and 16 hours, then whipped at pH7. 
Freshly prepared solutions of native proteins (0.5% w/v) were used 
as controls. 
Further investigations were then carried out as follows: 
A: The effect of sucrose on the foaming properties of bovine blood 
plasma and egg albumen solutions treated with 1.0% (w/v) ascorbic 
acid. Solutions of bovine blood plasma and egg albumen (0.5% w/v) 
treated with 1.0% (w/v) and containing 30% (w/v) sucrose were 
incubated, as above, for 0 and 16 hours, then whipped at pH7. 
Freshly prepared solutions of native proteins (0.5% w/v) containing 
sucrose (30% w/v) were used as controls and a comparison was made 
to similar preparations whipped in the absence of sucrose. 
B: The effect of pH during incubation on the foaming properties of 
1.0% ascorbic acid treated BSA, bovine blood plasma and egg 
albumen solutions. Protein solutions (0.5% w/v) treated with 1.0% 
(w/v) ascorbic acid were left at the natural pH (3.0-3.4) or adjusted 
to pH7 with 0.5M sodium hydroxide prior to incubation for 3 and 16 
hours. In both cases, solutions were then whipped at pH7. In 
addition, protein solutions (0.5% w/v) were adjusted to a pH (3.0-3.4) 
normally associated with the 1.0% (w/v) ascorbic acid treated 
protein solutions with 1M hydrochloric acid, and incubated for 16 
hours. The solutions were then whipped at pH7. Freshly prepared 
solutions of native proteins (0.5% w/v) were used as controls. 
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C: The effect of removing ascorbic acid prior to whipping on the 
foaming properties of BSA solutions treated with 1.0% ascorbic 
acid. A solution of BSA (0.5% w/v) treated with 1.0% (w/v) ascorbic 
acid was exhaustively dialysed in distilled water at 4°C. Solutions 
were then whipped at pH7. A solution of native BSA (0.5% w/v) 
subject to similar conditions of dialysis was used as a control. 
Foaming tests were performed in duplicate, unless otherwise 
indicated. 
6.2.5.2 Gelation 
Solutions of BSA, bovine blood plasma and egg albumen (6% w/w) 
treated with 1.0% (w/w) ascorbic acid (Section 6.2.3.2) were subject to a 
gelation time-temperature range of 30 minutes at 80,85,90 and 95°C. In 
addition, protein solutions (6% w/w) treated with 0.5 and 1.0% (w/w) ascorbic 
acid were subject to a gelation time-temperature range of 15 and 30 minutes 
at 90°C only. Gelation was carried out at pH7. Native protein solutions (6% 
w/w) were employed as controls. Four replicates were prepared for each 
investigation. 
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6.3 Results 
6.3.1 Physico-Chemical Characterisation 
Electrophoretic Properties 
The IEF characterisation of BSA, bovine blood plasma, ovalbumin 
and egg albumen treated with 0.1,0.5 and 1.0% ascorbic acid is represented in 
Plate 6.1 and summarised in Table 6.1. By visual inspection the ascorbic acid- 
treated proteins had IEF profiles similar to that of the native proteins. 
PAGE characterisation of BSA, bovine blood plasma, ovalbumin and 
egg albumen treated with 0.1,0.5 and 1.0% ascorbic acid is presented in Plate 
6.2 and summarised in Table 6.2. By visual inspection components of similar 
Rf value were identified in both native and ascorbic acid-treated proteins. 
Hydrophobicity 
The surface hydrophobicity (So) and exposed hydrophobicity (Se) of 
BSA, bovine blood plasma, ovalbumin and egg albumen treated with 0.1 and 
1.0% ascorbic acid are presented in Table 6.3. 
Ascorbic acid-treated bovine blood plasma, ovalbumin and egg 
albumen demonstrated a similar trend of increasing So following treatment 
with increasing concentration of ascorbic acid. The So of bovine blood plasma, 
ovalbumin and egg albumen was further enhanced by prolonged incubation of 
the 1% ascorbic acid-treated preparations, at pH3.0-3.4 (natural pH). In 
contrast, the high So of native BSA was unchanged by treatment with ascorbic 
acid, although prolonged incubation of 1.0% ascorbic acid-treated BSA solution 
at pH3.0 (natural pH) did serve to enhance the So of BSA to some extent (9%). 
It was found that the Se was lower than the So for BSA. 
Treatment of BSA, bovine blood plasma, ovalbumin and egg albumen 
with 0.1% ascorbic acid had little effect on the Se whereas treatment with 
1.0% ascorbic acid increased the Se. However, prolonged incubation of the 1% 
ascorbic acid-treated protein solutions at pH3.0-3.4 (natural pH) had a 
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Table 6.1 Isoelectric Focusing Characterisation of BSA, Bovine Blood 
Plasma, Ovalbumin and Egg Albumen Treated with 0.1,0.5 and 
1.0% Ascorbic Acid 
Protein Range of Components Major Components 
Ascorbic Acid PI PI 
BSA 4.15-5.50 4.75,5.05 
Bovine Blood Plasma 4.05-8.75 4.75 
Ovalbumin 4.50-5.00 4.65 
Egg Albumen 4.55-6.75 4.65,4.75 
Results are based on duplicate IEF profile determinations. 
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Plate 6.2: Polyacrylamide Gel Electrophoresis of BSA (A), Bovine Blood 
Plasma (B), Ovalbumin (C) and Egg Albumen (D) (0.5% w/v) 
Treated with 0.1,0.5 and 1.0% (w/v) Ascorbic Acid 
Key: 1 Native Protein 
2 0.1% Ascorbic Acid-Treated Protein 
3 0.5% Ascorbic Acid-Treated Protein 
4 1.0% Ascorbic Acid-Treated Protein 
C ýD 
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Table 6.2 Polyacrylamide Gel Electrophoresis of BSA, Bovine Blood Plasma, Ovalbumin and Egg Albumen Treated with 0.1,0.5 and 1.0% Ascorbic Acid 
Rf Value BSA Bovine 
Blood Plasma 
Ovalbumin Egg Albumen 
0 D P/D 
0.02 
0.04 D 
0.06 D 
0.08 
0.10 
0.12 
0.14 
0.16 VP D 
0.18 P/D 
0.20 P/D 
0.22 P/D 
0.24 
0.26 P 
0.28 
0.30 
0.32 P P 
0.34 
0.36 
0.38 P P 
0.40 P/D 
0.42 
0.44 
0.46 
0.48 
0.50 P 
0.52 
0.54 
0.56 P 
0.58 
0.60 VD 
0.62 VD P D 
0.64 
0.66 P/D 
0.68 P/D V/D 
0.70 P/D 
Key: 
- Very Pale band 
P- Pale Band 
P/D - Pale-Dark band 
D- Dark band 
VD - Very Dark band 
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Table 6.3 Surface Hydrophobicity (S) and Exposed H ydrophobicity (S ) of BSA, Bovine Blood Plasma, Ovalbumin e and Egg Albumen 
Treated with 0.1 and 1.0% Ascorbic Acid 
Surface Hydrophobicity (S 
o 
Native Ascorbic Acid 
Protein Treatment 
0.1% 1.0% 1.0%+ pH3.4 
16 hrs 16 hrs 
BSA 2387 2352 2339 2593 ND 
(0) (0) (9) 
Bovine Blood 1263 1365 1441 1683 1637 
Plasma (8) (14) (33) (30) 
Ovalbumin 35 36 75 86 ND 
(3) (114) (146) 
Egg Albumen 148 186 387 483 ND 
(26) (161) (226) 
Exposed Hydrophobicity (S ) 
e 
BSA 1384 1323 2145 1815 ND 
(0) (55) (31) 
Bovine Blood 2517 2503 2760 2726 2499 
(0) (10) (8) (0) 
Ovalbumin 799 841 1327 1151 ND 
(5) (66) (44) 
Egg Albumen 1099 1142 1650 1567 ND 
(4) (50) (43) 
Values represent the mean of two determinations with the exception of So of 
native proteins where values represent the mean of four determinations. 
Percentage increase compared with the So and Se of native protein is given in 
parentheses. 
+ Incubation at low pH, natural to 1.0% ascorbic acid treated 0.5% protein 
solutions (Bovine blood plasma - pH3.4; egg albumen pH3.2; BSA and ovalbumin 
pH3.0). 
ND - not determined 
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detrimental effect on the Se of these preparations, although remaining 
enhanced in comparison to the Se of the native proteins. 
Prolonged incubation of bovine blood plasma solution adjusted to 
pH3.4 with 1M hydrochloric acid effected an increase in the So similar to that 
achieved with prolonged incubation with 1.0% ascorbic acid at pH3.4 (natural 
pH). The hydrochloric acid treatment, however, had no effect on the Se of 
the plasma, in contrast to treatment with 1.0% ascorbic acid. 
The relatively poor So of native ovalbumin and egg albumen were 
enhanced to a greater extent by treatment with ascorbic acid than the S of 
0 
BSA and bovine blood plasma. Increases in the Se of BSA, ovalbumin and egg 
albumen effected by 1% ascorbic acid were of a similar magnitude, but the Se 
of bovine blood plasma was enhanced to a lesser extent. 
The relative fluorescence intensity values from which the So and Se 
are determined are tabulated in Appendix 6. 
Sulphydryl Content 
The surface and total sulphydryl contents of BSA, bovine blood 
plasma, ovalbumin and egg albumen treated with 0.1,0.5 and 1.0% ascorbic 
acid are presented in Table 6.4. 
The ascorbic acid treated proteins displayed a common trend of a 
greater reduction in the number of sulphydryl groups, compared to the native 
proteins, in the presence of lower levels of ascorbic acid. 
The sulphydryl groups of BSA were surface located, and ascorbic 
acid caused a reduction in the sulphydryl content of BSA (mean reduction 
36%). Ovalbumin and egg albumen on the other hand, did not possess surface 
located sulphydryl groups. Nevertheles, ascorbic acid caused a reduction in 
the sulphydryl content in the presence of a denaturant (6M guanidine 
hydrochloride), reflecting a reduction in the number of internally located 
sulphydryl groups (mean reduction 20% and 31% respectively). Bovine blood 
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Table 6.4 Surface and Total Sulphydryl Content of BSA, Blood Plasma, 
Ovalbumin and Egg Albuen Treated With 0.1,0.5 and 1.0% 
Ascorbic Acid (uM SH g- Protein) 
Sulphydryls (pM g-1 Protein) 
Protein Sulphydryls Native Level of Addition of 
Sample Protein Ascorbic Acid 
0.1% 0.5°% 1.0% 
BSA Surface 8.1 4.8 5.2 5.5 
(41) (36) (32) 
Total 8.1 4.4 5.0 5.4 
(46) (38) (33) 
Blood Plasma Surface 3.4 2.9 3.2 3.5 
(15) (6) (0) 
Total 4.4 2.3 2.9 3.0 
(48) (34) (32) 
Ovalbumin Surface 0 0 0 0 
Total 56.9 42.5 45.4 47.2 
(25) (18) (17) 
Egg Albumen Surface 0 0 0 0 
Total 47.9 29.0 34.4 35.5 
(39) (28) (26) 
Values represent the mean of two determinations. 
Percentage decrease from SH content of native proteins given in parentheses. 
Table 6.4a Surface and Total Sulphydryl Content of BSA and Ovalbuminl 
Treated with 0.1,0.5 and 1.0% Ascorbic Acid (mol SH mol 
Protein) 
Sulphydryls(mol SH mol-1 Protein) 
Protein Sulphydryls Native Level of Addition of 
Sample Protein Ascorbic Acid 
0.1% 0.5% 1.0% 
BSA Surface 0.54 0.31 0.34 0.36 
Total 0.53 0.29 0.33 0.36 
Ovalbumin Surface 0 00 0 
Total 2.53 1.91 2.05 2.13 
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Table 6.5 Surface Sulphydryl Content (mol SH mol-1 BSA) of BSA Treated 
with 0.1 and 0.5% Ascorbic Acid During the Whipping Procedure 
Surface Sulphydryls mol SH mol-1 BSA 
Duration of Native Level of Addition of 
Whipping Protein Ascorbic Acid 
(Minutes) 0.1% 0.5% 
0 0.54 0.33 0.32 
0.25 0.54 0.32 0.32 
0.50 0.53 0.34 0.32 
0.75 0.53 0.35 0.31 
1.00 0.54 0.34 0.34 
2.00 0.55 0.36 0.32 
3.00 0.55 0.37 0.32 
4.00 0.54 0.38 0.33 
5.00 0.56 0.38 0.35 
Values represent the mean of two determinations. 
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plasma possessed a small number of sulphydryl groups of which 75% were 
surface located. Ascorbic acid caused a small reduction in the number of 
surface located sulphydryl groups (mean reduction 7%) but had a greater 
effect (mean reduction 38%) on the sulphydryl content in the presence of a 
denaturant, when internally located sulphydryl groups were made available to 
the ascorbic acid. 
The surface sulphydryl content of 0.1 and 0.5% ascorbic acid- 
treated BSA determined during whipping is presented in Table 6.5. During the 
whipping process the surface sulphydryl content of native and ascorbic acid 
treated BSA solutions remained essentially unchanged. BSA treated with 1.0% 
ascorbic acid formed a foam very rapidly during whipping and samples could 
not be withdrawn from the solution to determine the sulphydryl content. 
6.3.2 Functional Property Characterisation 
6.3.2.1 Foaming Properties 
The foaming properties, ie, foam expansion (FE), foam liquid 
stability (FLS) and foam volume stability (FVS), of BSA, bovine blood plasma, 
ovalbumin and egg albumen solutions (0.5%) treated with 0.1,0.5 and 1.0% 
ascorbic acid and whipped at pH7 are presented in Figures 6.4-6.8. The 
percentage increase in the foaming properties compared to the native proteins 
is tabulated in Appendix 6. 
Ascorbic acid enhanced the FE of BSA, bovine blood plasma, egg 
albumen and ovalbumin. The FE was found to increase in the presence of 
increasing concentrations of ascorbic acid (Figure 6.4). Increases of 100,220 
and 340% in the FE of BSA were achieved in the presence of 0.1,0.5 and 1.0% 
ascorbic acid, respectively. The ascorbic acid-treated BSA foams were stiff 
and 'dry', particularly in the presence of 1.0% ascorbic acid, and visibly 
composed of a very large number of very small bubbles. Foams prepared from 
native BSA were creamier, wetter foams, composed of larger air cells. The 
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FE of bovine blood plasma, ovalbumin and egg albumen was enhanced to a 
lesser extent by ascorbic acid. In addition egg albumen treated with 0. I% 
ascorbic acid had a lower FE than that of the native egg albumen. 
The FLS and FVS of BSA, bovine blood plasma and ovalbumin foams 
and the FLS of egg albumen foams were also enhanced by the presence of 
ascorbic acid (Figures 6.5 to 6.8). 
The increase in FVS of ascorbic acid-treated BSA, bovine blood 
plasma and ovalbumin foams were persistant (stable) on standing the foam for 
30 minutes. Similarly, the increases in the FLS of ascorbic acid treated BSA 
and egg albumen foams were stable. However, increases initially observed (5 
and 15 minutes post-whipping) in the FLS of ascorbic acid-treated bovine blood 
plasma and ovalbumin foams were not persistant, with the FLS being similar to 
that for the native protein foam after standing the foams for 30 minutes. 
Increases in the FLS and FVS were more marked in the BSA foams 
than the bovine blood plasma, ovalbumin and egg albumen foams. The FVS of 
native egg albumen foams was excellent and treatment of egg albumen with 
ascorbic acid had little effect on the FVS. The FLS and FVS of 0.1% ascorbic 
acid-treated egg albumen foams were poor in comparison to that of the native 
egg albumen foams. 
Incubation of the 0.1,0.5 and 1.0% ascorbic acid treated protein 
solutions (0.5%) for 3 or 16 hours at the natural pH (acidic) of the preparations 
had little effect on the foaming properties (Figure 6.9 to 6.17), although a 
number of exceptions were observed. 
Prolonged incubation of 1% ascorbic acid treated bovine blood 
plasma at pH3.4 served to markedly enhance the foaming properties (Figures 
6.9B, 6.12 and 6.13). The resultant foam was stiff and 'dry', and visibly 
composed of a very large number of very small bubbles, compared to the 
moderate, wet foam composed of large air bubbles prepared from native or 
freshly prepared ascorbic acid-treated bovine blood plasma solutions. 
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Figure 6.4 
Foaming Properties of BSA, Bovine Blood Plasma, Ovalbumin and Egg Albumen 
(0.5%) Treated with 0.1,0.5 and 1.0% Ascorbic Acid: Foam Expansion; BSA 
(0), Bovine Blood Plasma ("), Ovalbumin (0) and Egg Albumen (0). 
Values based on duplicate determinations, except + denotes values based on six 
determinations (native proteins). 
All solutions whipped at pH7. 
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Figure 6.5 
Foaming Properties of BSA (0.5%) Treated with 0.1 (0); 0.5 (A) and 1.0 (")% 
Ascorbic Acid: Foam Liquid Stability (A) and Foam Volume Stability (B). 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. 
All solutions were whipped at pH7. 
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Figure 6.6 
Minutes post whipping 
Foaming Properties of Bovine Blood Plasma (0.5%) Treated with 0.1 (a), 0.5 
(A) and 1.0 (I)% Ascorbic Acid: Foam Liquid Stability (A) and Foam Volume 
Stability (B). 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.7 
Foaming Properties of Ovalbumin (0.5%) Treated with 0.1 (0) and 1.0% (0) 
Ascorbic Acid: Foam Liquid Stability (A) and Foam Volume Stability (B). 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.8 Minutes post whipping 
Foaming Properties of Egg Albumen (0.5%) Treated with 0.1 (8), 0.5 (A) and 
1.0 (") % Ascorbic Acid: Foam Liquid Stability (A) and Foam Volume Stability 
(B). 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.9 
Foaming Properties of BSA (A), Bovine Blood Plasma (B), Ovalbumin (C) and 
Egg Albumen (D) (0.5%) Treated with 0.1,0.5 and 1.0% Ascorbic Acid for 0 
(N), 3 (A) and 16 (0) Hours: Foam Expansion. 
Values based on duplicate determinations except + denotes values based on six 
determinations (native proteins) and ++ denotes values based on four 
determinations. All solutions were whipped at pH7. 
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Figure 6.9 
Foaming Properties of BSA (A), Bovine Blood Plasma (B), Ovalbumin (C) and 
Egg Albumen (D) (0.5%) Treated with 0.1,0.5 and 1.0% Ascorbic Acid for 0 
(0), 3 (A) and 16 (") Hours: Foam Expansion. 
Values based on duplicate determinations except + denotes values based on six 
determinations (native proteins) and ++ denotes values based on four 
determinations. 
All solutions were whipped at pH7. 
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Figure 6.10 
Foaming Properties of BSA (0.5%) Treated with 0.1 (A), 0.5 (B) and 1.0 (C)% 
Ascorbic Acid for 0 (M), 3 (A) and 16 (") Hours: Foam Liquid Stability. 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.10 
Foaming Properties of BSA (0.5%) Treated with 0.1 (A), 0.5 (B) and 1.0 (C)% 
Ascorbic Acid for 0 (0), 3 (A) and 16 (") Hours: Foam Liquid Stability. 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.11 
Foaming Properties of BSA (0.5%) Treated with 0.1 (A), 0.5 (B) and 1.0 (C)% 
Ascorbic Acid for 0 (U), 3 (A) and 16 (0) Hours: Foam Volume Stability. 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. 
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All solutions were whipped at pH7. 
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Figure 6.12 Minutes post whipping 
Foaming Properties of Bovine Blood Plasma (0.5%) Treated with 0.1 (A), 0.5 
(B) and 1.0 (C)% Ascorbic Acid for 0 (1), 3 (A) and 16 (01) Hours: Foam Liquid 
Stability. 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.12 
Foaming Properties of Bovine Blood Plasma (0.5%) Treated with 0.1 (A), 0.5 
(B) and 1.0 (C)% Ascorbic Acid for 0 (\), 3 (A) and 16 (") Hours: Foam Liquid 
Stability. 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.13 
Foaming Properties of Bovine Blood Plasma (0.5%) Treated with 0.1 (A), 0.5 
(B) and 1.0 (C)% Ascorbic Acid for 0 (0), 3 (A) and 16 (") Hours: Foam 
Volume Stability. 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. 
All solutions were whipped at pH7. 
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Figure 6.14 
Foaming Properties of Ovalbumin (0.5%) Treated with 0.1 (A) and 1.0 (B)% 
Ascorbic Acid for 0 (I) and 16 (0) Hours: Foam Liquid Stability. 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.15 
Foaming Properties of Ovalbumin (0.5%) Treated with 0.1 (A) and 1.0 (B)% 
Ascorbic Acid for 0 (0) and 16 (") Hours: Foam Volume Stability. 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.16 Minutes post whipping 
Foaming Properties of Egg Albumen (0.5%) Treated with 0.1 (A), 0.5 (B) and 
1.0 (C)% Ascorbic Acid for 0 (I), 3 (A) and 16 (0) Hours: Foam Liquid 
Stability. 
Values based on duplicate determinations. Native protein (0) values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.16 
Foaming Properties of Egg Albumen (0.5%) Treated with 0.1 (A), 0.5 (B) and 
1.0 (C)% Ascorbic Acid for 0 ($), 3 (A) and 16 (") Hours: Foam Liquid 
Stability. 
Values based on duplicate determinations. Native protein (0) values based on 
six determinations. All solutions were whipped at pH7. 
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Figure 6.17 
Foaming Properties of Egg Albumen (0.5%) Treated with 0.1 (A), 0.5 (B) and 
1.0 (C)% Ascorbic Acid for 0 (9), 3 (A) and 16 (") Hours: Foam Volume 
Stability. 
Values based on duplicate determinations. Native protein (0), values based on 
six determinations. 
All solutions were whipped at pH7. 
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The detrimental effect of 0.1% ascorbic acid on the foaming 
% properties of egg albumen was more evident after incubating the 0.1 
ascorbic acid-treated egg albumen solutions, particularly for 16 hours. 
Foams prepared from incubated solutions of 1.0% ascorbic acid 
treated BSA were creamier and less stiff but of similar volume, compared to 
foams prepared from freshly prepared 1% ascorbic acid-treated BSA. The 
handling properties of the foams prepared from the incubated solutions were 
different, and are reflected by the initial drop in FVS resulting from 
transferring the foams from whipping bowl to measuring cylinder. 
The effect of 30% sucrose on the foaming properties of native and 
1% ascorbic acid-treated bovine blood plasma and egg albumen (0.5%%x, ) is 
presented in Table 6.6 and Figures 6.18 and 6.19. 
The FE of native bovine blood plasma and egg albumen was lower in 
the presence of sucrose. The FLS of native bovine blood plasma and egg 
albumen foams containing sucrose was similar to the FLS of foams prepared 
without sucrose, however, the FVS of foams containing sucrose was lower. 
Ascorbic acid-treated bovine blood plasma had lower foaming 
properties in the presence of sucrose. Furthermore, foaming properties of 
bovine blood plasma were enhanced to a lesser extent by ascorbic acid in the 
presence of sucrose. Prolonged incubation of solutions of 1% ascorbic acid- 
treated bovine blood plasma at pH3.4 (natural pH) had little effect on the 
foaming properties in the presence of sucrose in contrast to the marked 
improvement on foaming properties observed in the absence of sucrose. 
The FE of ascorbic acid-treated egg albumen was also lower in the 
presence of sucrose, but the FLS and FVS of ascorbic acid-treated egg 
albumen foams containing sucrose were superior. Furthermore, ascorbic acid 
enhanced the foaming properties of egg albumen to a greater extent in the 
presence of sucrose. However, prolonged incubation of 1% ascorbic acid- 
treated egg albumen at pH3.2 (natural pH) in the presence of sucrose had a 
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Table 6.6 Foaming Properties of 1% Ascorbic Acid-Treated Bovine Blood 
Plasma and Egg Albumen (0.5%) in the Presence of 30% Sucrose 
at pH7: Foam Expansion. 
FOAM EXPANSION (%) 
Bovine Blood Egg Albu men 
Plasma 
Treatment No Sucrose Sucrose No Sucrose Sucrose 
Native 261 190 529+ 312 
1.0% Ascorbic Acid 376 208 676 480 
1.0% Ascorbic Acid 974++ 244 652 356 
16hrs incubation 
Values based on duplicate determinations, with the exception + based on six 
determinations, and ++ based on four determinations. 
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Figure 6.18 
Foaming Properties of Bovine Blood Plasma (0.5%) Treated with 1.0% Ascorbic 
Acid in the Presence of 30% Sucrose: Foam Liquid Stability (A), Foam Volume 
Stability (B); Sucrose (°--), No Sucrose (----), Native Protein (0), 1.0% 
Ascorbic Acid-Plasma (I), 1.0% Ascorbic Acid-Plasma Incubated for 16 Hours 
at pH3.4 (0). 
Values based on two determinations except + denotes values based on six 
determinations (native protein) and ++ denotes values based on four 
determinations. 
All solutions were whipped at pH7. 
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Figure 6.19 
Foaming Properties of Egg Albumen (0.5%) Treated with 1.0% Ascorbic Acid 
in the Presence of 30% Sucrose: Foam Liquid Stability (A) and Foam Volume 
Stability (B); Sucrose ( ), No Sucrose (-----), Native Protein (0), 1.0 
Ascorbic Acid-Egg Albumen (0), 1.0% Ascorbic Acid-Egg Albumen Incubated 
for 16 Hours at pH3.4 ("). 
Values based on two determinations except + denotes values based on six 
determinations (native protein). 
30 
All solutions were whipped at pH7. 
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which detrimental effect on foaming properties/were observed to be similar to those 
of 1% ascorbic acid-treated egg albumen whipped in the absence of sucrose. 
The effect of pH during incubation on the foaming properties of 
1.0% ascorbic acid-treated BSA, bovine blood plasma and egg albumen is 
presented in Table 6.7 and Figures 6.20-6.22. 
Solutions of 1% ascorbic acid-treated BSA incubated at pH7 and pH3 
for 16 hours had similar foaming properties. This was also found to be the 
case for solutions of 1% ascorbic acid-treated egg albumen incubated at pH7 
and pH3 for 3 and 16 hours. 
While solutions of 1% ascorbic acid-treated bovine blood plasma 
incubated at pH7.0 and pH3.4 for 3 hours also had similar foaming properties, 
solutions incubated at pH3.4 for 16 hours had markedly enhanced foaming 
properties compared to similar preparations incubated at pH7 for 16 hours. 
Solutions of BSA, egg albumen and bovine blood plasma adjusted to 
pH3-3.4 (pH associated with 1% ascorbic acid-treated protein solutions) with 
1M hydrochloric acid and incubated for 16 hours had enhanced foaming 
properties compared to the native protein, but the increase was not as great as 
that achieved with 1.0% ascorbic acid under similar conditions. 
In the case of bovine blood plasma, 1% ascorbic acid was added just 
prior to whipping to a solution previously adjusted to pH3.4 with 1M 
hydrochloric acid and incubated for 16 hours. The foaming properties of this 
preparation were very similar to those of 1.0% ascorbic acid-treated blood 
plasma incubated at pH3.4 for 16 hours. 
The effect of removing ascorbic acid by dialysis prior to whipping on 
the foaming properties of 1% ascorbic acid-treated BSA is presented in Table 
6.8 and Figures 6.23. Dialysed 1% ascorbic acid-treated BSA had foaming 
properties similar to those of native BSA. 
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Table 6.7 Effect of pH During Incubation of 1% Ascorbic Acid-Treated 
BSA, Bovine Blood Plasma, Egg Albumen (0.5"%o) Foam 
Expansion at pH7. 
FOAM EXPANSION (%) 
Treatment BSA Bovine Blood Egg Albumen 
Plasma 
Native 316 286 543 
1% Ascorbic Acid ND 408 660 
3 Hours, pH7 
1% Ascorbic Acid ND 428 640 
3 Hours, pH3-3.4 
1% Ascorbic Acid 1320 400 652 
16 Hours, pH7 
1% Ascorbic Acid 1320 974 632 
16 Hours, pH3-3.4 
1M HCI 492 492 564 
16 Hours, pH3-3.4 
1M HCI ND 1030 ND 
16 Hours, pH3-3.4 
Then: 1% 
Ascorbic Acid 
(Values based on two determinations) 
ND - not determined 
Table 6.8 Effect of Removing 1% Ascorbic acid Prior to Whipping of 1% 
Ascorbic Acid-Treated BSA (0.5%): Foam Expansion at pH 7. 
Treatment FOAM EXPANSION (%) 
Native 313 
Native Dialysed 308 
1% Ascorbic Acid 1360 
1% Ascorbic Acid Dialysed 391 
Values based on four determinations. 
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Figure 6.20 
Effect of pH During Incubation on the Foaming Properties of BSA (0.5%) 
Treated with 1.0% Ascorbic Acid: Foam Liquid Stability (A) and Foam Volume 
Stability (B); pH7,16 Hour Incubation (M), pH3,16 Hour Incubation (13), 
Native Protein (0), and pH3,16 Hour Incubation, 1M HCI (0). 
Values based on duplicate determinations. 
All solutions were whipped at pH7. 
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Figure 6.21 
Effect of pH During Incubation on the Foaming Properties of Bovine Blood 
Plasma (0.5%) Treated with 1.0% Ascorbic Acid: Foam Liquid Stability (A) and 
Foam Volume Stability (B), pH7,3 Hour Incubation (A), pH3.4,3 Hour 
Incubation (6), pH7,16 Hour Incubation (0), pH3.4,16 Hour Incubation (13), 
Native Protein (0) and pH3.4,16 Hour Incubation, 1M HCl Only (0), with 1% 
Ascorbic Acid Added Before Whipping f-O-ý. 
Values based on duplicate determinations. All solutions were whipped at pH7 
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Figure 6.22 
Effect of pH During Incubation on the Foaming Properties of Egg Albumen 
(0.5%) Treated with 1.0% Ascorbic Acid: Foam Liquid Stability (A) and Foam 
Volume Stability (B); pH7,3 Hour Incubation (A), pH3.2,3 Hour Incubation 
(A), pH7,16 Hour Incubation (R), pH3.2,16 Hour Incubation (13), Native 
Protein (0) and pH3.2,16 Hour incubation, 1M HCI Only (0). 
Values based on duplicate determinations. 
all 
All solutions were whipped at pH7. 
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Figure 6.23 
Effect of Removing Ascorbic Acid Prior to Whipping on the Foaming 
Properties of BSA (0.5%) Treated with 1% Ascorbic Acid: Foam Liquid 
Stability (A) and Foam Volume Stability (B); BSA - 1% Ascorbic Acid (s), 
Dialysed BSA -1% Ascorbic Acid (0), Native BSA (0), Dialysed BSA (0). 
Values based on four determinations. 
All solutions were whipped at pH7. 
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Foam volumes (ml) and liquid drainage (ml) from which the FE, FLS 
and FVS were calculated are presented in Appendix 6. 
6.3.2.2 Gelation Properties 
The gelation properties, ie, gel strength (GS), breaking strength (BS), 
and cohesiveness of 1% ascorbic acid-treated BSA, bovine blood plasma and 
egg albumen (6.0%) heated at 80-95°C for 30 minutes at pH7 are presented in 
Figures 6.24-6.26. 
Native BSA did not form a gel at 80 or 85°C, although the viscosity 
of the BSA solutions had increased (visual observation). Gels formed at 90°C 
and 95°C exhibited low GS (<50g) and did not break under compression, 
demonstrating the gel was very cohesive in nature. Gelation properties of 
native bovine blood plasma were superior to those of native egg albumen and 
BSA. 
Ascorbic acid-treated BSA formed very strong gels at 80-95°C, the 
GS and BS of which were superior to that of gels prepared from native or 
ascorbic acid-treated bovine blood plasma and egg albumen. However, the 
cohesiveness of the ascorbic acid-treated BSA gels was similar to that of the 
bovine blood plasma gels. The GS and BS of ascorbic acid-treated BSA gels 
increased with temperature of heating (80-95 0 C) but the cohesiveness 
decreased with increased temperature of heating above 85°C. 
Changes in the nature of the gels formed by BSA containing ascorbic 
acid were evident on handling. The gels were rigid and opaque in contrast to 
the sticky, jelly-like nature and transparency of native BSA gels formed under 
similar conditions. 
Ascorbic acid enhanced the gelation properties of bovine blood 
plasma but to a limited extent in comparison to the dramatic effect ascorbic 
acid had on the gelation properties of BSA. The GS and BS of native and 
ascorbic acid-treated bovine blood plasma followed a similar trend of 
increasing with increasing temperature of heating (80-95°C). 
PAGINATION 
ER 0S 
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Ascorbic acid had little effect on the GS and BS of egg albumen. 
The GS and BS of native and ascorbic acid-treated egg albumen increased with 
increasing temperature of heating to 95°C. The cohesiveness of the egg 
albumen gels at 90 and 95°C was enhanced by ascorbic acid treatment. The 
cohesiveness of native egg albumen gels decreased with increasing 
temperature of heating, but that of the ascorbic acid-treated egg albumen was 
essentially unchanged. 
The gelation properties of native and ascorbic acid-treated BSA, 
bovine blood plasma and egg albumen (6%) heated at 90°C for 15 and 30 
minutes are presented in Figures 6.27-6.29. The BS and GS of the native and 
ascorbic acid-treated gels increased with time of heating (15 and 30 minutes) 
at 90°C. However, the cohesiveness of the gels remained essentially 
unchanged with increasing time of heating. Treatment of BSA, bovine blood 
plasma and egg albumen with 1.0% ascorbic acid conferred no benefit over the 
improved gelation properties exhibited by0.5% ascorbic acid-treated gels. 
The gelation results are tabulated as the mean ± standard deviation 
of four replicates in Appendix 6. 
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Figure 6.24 
Gel Strength (g) of 1.0% Ascorbic Acid Treated BSA, Bovine Blood Plasma and 
Egg Albumen (6.0%) heated at 80-95°C for 30 minutes; BSA (0), BSA - 1.0% 
Ascorbic Acid ("), Plasma (0), Plasma - 1.0% Ascorbic Acid (A), Egg 
Albumen (0), Egg Albumen - 1.0% Ascorbic Acid (0). 
Results represent means of four replicates. 
Gelation performed at pH7. 
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Figure 6.25 
Breaking Strength (g) of 1.0% Ascorbic Acid Treated BSA, Bovine Blood 
Plasma and Egg Albumen (6.0%) Heated at 80-95°C for 30 minutes; BSA (0), 
BSA - 1.0% Ascorbic Acid ("), Plasma (A), Plasma - 1.0% Ascorbic Acid (A), 
Egg Albumen (O), Egg Albumen - 1.0% Ascorbic Acid (0). 
Results represent means of four replicates. 
Gelation performed at pH7. 
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Figure 6.26 
Cohesiveness (mm) of 1.0% Ascorbic Acid Treated BSA, Bovine Blood Plasma 
and Egg Albumen (6.0%) Heated at 80-95°C for 30 minutes; BSA (0), BSA - 
1.0% Ascorbic Acid ("), Plasma (A), Plasma - 1.0% Ascorbic Acid (A), Egg 
Albumen (0), Egg Albumen - 1.0% Ascorbic Acid (U). 
Results represent means of four replicates. 
Gelation performed at pH7. 
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Figure 6.27 
Gel Strength (g) of 0.5 and 1.0% Ascorbic Acid Treated BSA, Bovine Blood 
Plasma and Egg Albumen (6.0%) Heated at 90°C for 15 and 30 minutes. 
Results represent mean of four replicates: Gelation performed at pH7. 
Key: 
Native BSA (0) 
BSA - 0.5% Ascorbic Acid (0) 
BSA - 1.0% Ascorbic Acid (") 
Native Bovine Blood Plasma (A) 
Plasma - 0.5% Ascorbic Acid (®) 
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Figure 6.28 
Breaking Strength (g) of 0.5 and 1.0% Ascorbic Acid Treated BSA, Bovine 
Blood Plasma and Egg Albumen (6.0%) Heated at 90°C for 15 and 30 minutes. 
Results represent mean of four replicate. Gelation performed at pH7. 
Key: 
Native BSA (0) 
BSA - 0.5% Ascorbic Acid (0) 
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Figure 6.29 
Cohesiveness (mm) of 0.5 and 1.0% Ascorbic Acid Treated BSA, Bovine Blood 
Plasma and Egg Albumen (6.0%) Heated at 90°C for 15 and 30 minutes. 
Results represent mean of four replicates. 
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6.4 Discussion 
Foaming Properties of Ascorbic Acid-Treated BSA and Bovine Blood Plasma 
Ascorbic acid dramatically enhanced the foaming properties of BSA, 
but had relatively little effect on the foaming properties of bovine blood 
plasma (Figures 6.4,6.5 and 6.6). For both proteins, the foaming properties 
increased in the presence of increasing concentrations of ascorbic acid. The 
presence of ascorbic acid during the whipping process appeared to be 
necessary for ascorbic acid to have an effect on the foaming properties of 
BSA, and probably, the foaming properties of the other proteins (Table 6.8; 
Figure 6.23). 
Oxidising agents such as hydrogen peroxide enhance the foaming 
properties of whey protein-carboxymethyl cellulose complexes and improve 
the performance of egg albumen in angel food cakes (Hansen and Black, 1972; 
Cunningham and Cotterill, 1962; Snider and Cotterill, 1972). In contrast, 
reducing agents, such as sodium sulphite and disulphide cleaving agents, impair 
the foam stability of a number of proteins (Richert, 1979; Richert et al., 1974; 
Mita et al., 1978). 
It is therefore probable that ascorbic acid had its effect on the 
foaming properties of BSA and bovine blood plasma in the role of an oxidising 
agent. 
It is proposed that the mechanism of action of ascorbic acid in 
enhancing the foaming properties of proteins may be two-fold. Firstly, 
ascorbic acid has the ability to lower surface tension (Lewin, 1975). This may 
facilitate rapid adsorption of protein at the air-water interface and thus the 
development of a large volume foam (Dickinson and Stainsby, 1982). Secondly, 
ascorbic acid was probably oxidised to dehydroascorbic acid in solution and/or 
during whipping. In the role of an oxidising agent, dehydroascorbic acid would 
become involved in sulphydryl-disulphide interchange reactions which lead to 
an enhanced association via disulphide bonds of adsorbed protein molecules at 
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the air-water interface. Enhanced intermolecular association would assist in 
the development of a viscoelastic film around the air cells, conferring 
enhanced stability to the foams (Dickinson and Stainsby, 1982). 
Physico-Chemical Characterisation 
Ascorbic acid had no effect on the electrophoretic pattern of BSA on 
bovine blood plasma (Plates 6.1 and 6.2). 
The surface hydrophobicity (So) of BSA was unchanged by treatment 
with ascorbic acid (Table 6.3), indicating that major conformational changes 
had not taken place (Kato et al., 1981,1983). In contrast, the So of ascorbic 
acid-treated bovine blood plasma increased with increasing concentration of 
ascorbic acid, indicating that ascorbic acid had effected changes in the 
conformation of bovine blood plasma with concomitant exposure of 
hydrophobic groups at the surface of the molecule. The So of native and 
ascorbic acid-treated BSA and bovine blood plasma did not correlate with 
their foaming properties. These findings are similar to those reported by 
Townsend and Nakai (1983). 
However, the exposed hydrophobicity (Se) of proteins has been 
positively correlated with foaming properties (Townsend and Nakai, 1983). 
Ascorbic acid (1%) enhanced the Se of BSA and bovine blood plasma, and the 
relative increases in the Se of ascorbic acid-treated BSA and bovine blood 
plasma (Table 6.3) were indeed reflected by similar relative improvements in 
their foaming properties, ie, both the Se and foaming properties of BSA 
increased markedly on treatment with 1% ascorbic acid whilst those of bovine 
blood plasma increased to a lesser extent. Therefore, in conditions thought to 
reproduce the unfolding of proteins at the air-water interface (ie, SDS and 
heat treatment) (Townsend and Nakai, 1983) 1% ascorbic acid appears to 
promote the unfolding of BSA, and to a lesser extent, the unfolding of bovine 
blood plasma, thus facilitating rapid adsorption and foam formation. 
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The superior foaming properties of ascorbic acid-treated BSA and 
bovine blood plasma over the native proteins, and the superior foaming 
properties of ascorbic acid-treated BSA over ascorbic acid-treated bovine 
blood plasma may therefore be explained, in part, by the effect of ascorbic 
acid on the Se. The Se of BSA and bovine blood plasma was not enhanced in 
the presence of 0.1% ascorbic acid, although foaming properties were 
improved. 
The So of BSA was found to be greater than the Se of BSA in this 
study (Table 6.3). The reason for this is unclear, but the phenomenon is 
discussed in Section 4.4. 
Ascorbic acid-treated BSA and bovine blood plasma had a lower 
sulphydryl content in comparison to the native proteins (Table 6.4), possibly 
indicating that oxidation of the sulphydryl groups to disulphide bonds had taken 
place. 
The whipping procedure did not change the sulphydryl content of 
ascorbic acid-treated BSA (Table 6.5). Ascorbic acid therefore had an effect 
on the sulphydryl groups immediately after its addition to BSA and prior to 
whipping. 
The sulphydryl content of native BSA was 0.56mol SH mol-1 BSA, in 
accordance with the findings of Hoshi and Yamauchi (1983) and the sulphydryl 
groups of BSA were surface located. 
The immediate and dramatic effect of ascorbic acid or 
dehydroascorbic acid on the foaming properties of BSA probably arose from its 
interaction with surface-located, reactive sulphydryl groups, which in turn 
initiated sulphydryl-disulphide interchange reactions. In contrast, bovine blood 
plasma had fewer surface-located sulphydryl groups, which were affected to a 
lesser extent by ascorbic acid (Table 6.4). This may also explain the relatively 
small effect ascorbic acid had on the foaming properties of bovine blood 
plasma in comparison to BSA. 
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Effect of Sucrose 
In the presence of sucrose both native and 1% ascorbic acid-treated 
bovine blood plasma exhibited poor foaming properties, in comparison to 
foaming properties observed when sucrose was not present (Table 6.6; Figure 
6.18). It is likely that unfolding and subsequent association of adsorbed protein 
molecules at the air-water interface was inhibited by sucrose, leading to the 
formation of a low volume foam with poor stability. The effect of sucrose on 
foaming of proteins is discussed in Section 3.4. 
In addition, the ascorbic acid enhanced the foaming properties of 
bovine blood plasma to a lesser extent in the presence of sucrose. This may be 
due to sucrose reducing the rate of oxidation of ascorbic acid to 
dehydroascorbic acid (Spanyar and Kevei, 1963). 
Effect of Incubation 
Prolonged incubation of 1% ascorbic acid-treated bovine blood 
plasma (pH3.4) and a combination of prolonged incubation of bovine blood 
plasma treated with 1M hydrochloric acid (pH3.4) with the addition of 1% 
ascorwc acid to the preparation just prior to whipping resulted in a dramatic 
increase in the foaming properties of bovine blood plasma (Table 6.7; Figure 
6.2 1). Individually, treatment with acid for 16 hours (1M HCI) and treatment 
with ascorbic acid but without incubation had little effect in increasing the 
foaming properties of bovine blood plasma. 
It is probable that prolonged incubation in an acidic environment 
resulted in the hydrolysis of bovine blood plasma, which in turn led to an 
enhanced capacity to foam and facilitated the action of ascorbic acid to 
improve foaming properties. Extensive hydrolysis had probably not taken 
place as the electrophoretic patterns for acid-treated bovine blood plasma 
were very similar to the native protein pattern. 
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Bovine blood plasma in its native state appeared to he partly 
resistant to ascorbic acid treatment. For instance, in the presence of a 
denaturant (6M guanidine hydrochloride) ascorbic acid effected greater 
reduction in the sulphydryl content of bovine blood plasma compared to the 
native protein (Table 6.4). A degree of molecular unfolding caused by a 
denaturant or partial acid hydrolysis, thus appears to be necessary for 
ascorbic acid to have a pronounced effect on the foaming properties and 
sulphydryl groups of bovine blood plasma. 
A number of studies have reported that mild acid treatment of food 
protein improves their functional properties (Wu et al., 1976; Matsudomi et al., 
1982,1985a and b). The improvements were attributed to the deamidation of 
glutamine and asparagine residues of the food proteins, leading to an increase 
in the net change on the surface of the protein. This in turn resulted in the 
molecule unfolding (loss of ordered structure) with concomitant exposure of 
hydrophobic residues. 
Molecular flexibility is an important structural factor governing the 
foaming properties of proteins (Kato et al., 1986; Kato et al., 1985; Shimizu et 
al., 1981; Townsend and Nakai, 1983). Loss of ordered structure within a 
protein enhances its molecular flexibility (Kato et al., 1986). Furthermore, So 
plays a governing role in triggering foaming of a protein (ie, surface 
adsorption) (Kato and Nakai, 1980; Kato et al., 1983; Shimizu et al., 1983). 
Therefore, the findings of this study, ie, that bovine blood plasma treated with 
acid for 16 hours displays enhanced foaming properties, compared to the 
native protein, probably arises from a similar mechanism, ie, deamidation of 
the protein. It may be envisaged that the combined effect of acid hydrolysis 
and treatment with 1% ascorbic acid served firstly to partially acid hydrolyse 
the bovine blood plasma and secondly, with the molecule in a more 
hydrophobic, and probably disordered configuration, ascorbic acid had greater 
access to previously buried sulphydryl groups and disulphide bonds, resulting in 
enhanced foaming properties. 
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In contrast, in the presence of sucrose the combination of acid 
treatment and presence of 1% ascorbic acid during whipping had little effect 
on the foaming properties of bovine blood plasma (Figure 6.18). The sucrose 
possibly inhibited the partial hydrolysis and/or the oxidation of ascorbic acid 
to dehydroascorbic acid. 
Although prolonged acid treatment of BSA withiM HCl resited in the 
improvement of the foaming properties (Table 6.7; Figure 6.20), the foaming 
properties of 1% ascorbic acid-treated BSA remained essentially unchanged 
after prolonged incubation at low pH (Table 6.9A, 6.10 and 6.11). 
The difference in the behaviour of BSA in response to treatment with 
ascorbic acid compared with whole plasma, may be attributed to the 
conformation of BSA with its surface-located sulphydryl groups, whereas 
whole plasma is a complex mixture of proteins which may be closely 
associated. Evidently the potential for enhancing foaming properties by 
modification of whole plasma with a combination of acid hydrolysis and 
ascorbic acid treatment is high. 
Foaming Properties of Ascorbic Acid-Treated Egg Albumen and Ovalbumin 
Ascorbic acid enhanced the foaming properties of both egg albumen 
and ovalbumin. The foaming properties increased with increasing 
concentration of ascorbic acid in the protein solution (Figures 6.4,6.7 and 6.8), 
as was also noted in the case for BSA and bovine blood plasma. 
The relative foaming properties of native BSA, bovine blood plasma, 
ovalbumin and egg albumen are in accordance with the findings of Poole et al., 
(1984). 
A similar mechanism for the action of ascorbic acid to enhance 
foaming properties as described for BSA and bovine blood plasma is proposed, 
ie, ascorbic acid acts to reduce the surface tension at the air-water interface 
and promote rapid adsorption of proteins and that dehydroascorbic acid, 
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product of the oxidation of ascorbic acid, acts as an oxidising agent and 
enhances intermolecular association via disulphide bonds at the air-water 
interface. 
Foaming properties of ovalbu min were enhanced to a greater extent 
by treatment with ascorbic acid than those of egg albumen and may be due to 
the inhibition of the oxidation of L-ascorbic acid to dehydroascorbic acid in 
the presence of egg albumen (Nowicka and Wojciak, 1984). 
Physico-Chemical Characterisation 
Ascorbic acid had no effect on the electrophoretic pattern of egg 
albumen and ovalbumin (Plate 6.1 and 6.2). 
Egg albumen and ovalbumin had low So compared to BSA and bovine 
blood plasma, as reported by Kato and Nakai (1980) and Kato et al., (1983, 
1981). Ascorbic acid effected large increases in the So of egg albumen and 
ovalbumin, compared to its effect on BSA and bovine blood plasma, reflecting 
significant changes in the conformation of the egg albumen and ovalbumin. 
Furthermore, ascorbic acid induced changes in the Se of egg albumen 
and ovalbumin and of a similar extent to that found for ascorbic acid-treated 
BSA (Table 6.3). However, improvements in the foaming properties of egg 
albumen and ovalbumin were small compared to those for BSA. 
The sulphydryl groups of egg albumen and ovalbumin were internally 
located (Table 6.4). In this study, ovalbumin contained 2.53 sulphydryl groups. 
This value is somewhat lower than those quoted in the literature. For 
instance, Fernandez-Diez et al., (1964) reported that ovalbumin contained 
three weakly reactive sulphydryl groups and a total of four after denaturation. 
Similarly, Beveridge et al., (1974) reported that ovalbumin contained four 
sulphydryl groups. However, different reagents employed to determine the 
numbers of sulphydryl groups give different values (Liu, 1977; Cecil and 
McPhee, 1959; Fernandez-Diez et al., 1964). In general, the sulphydryl groups 
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of ovalbumin are recognised as being unreactive (Liu, 1977; Cecil and McPhee, 
1959). In this study, the sulphydryl content of whole egg albumen was 
47.9pM per g of protein which concurs with the findings of Beveridge et al., 
(1974). 
Ascorbic acid caused a reduction in the number of sulphydryl groups 
in egg albumen and ovalbumin only after unfolding of the protein by a 
denaturant, as found to be the case for bovine blood plasma. Therefore the 
effect of ascorbic acid on the sulphydryl groups of egg albumen, ovalbumin and 
bovine blood plasma probably took place during whipping at the air-water 
interface, following adsorption and unfolding of the protein molecules. In 
contrast, BSA contained surface located sulphydryl groups, and unfolding of 
the BSA molecule was not required for ascorbic acid to gain access to the 
sulphydryl groups and initiate sulphydryl-disulphide interchange. This may 
explain why ascorbic acid had a profound effect on the foaming properties of 
BSA, and little effect on the foaming properties of egg albumen, ovalbumin 
and bovine blood plasma. 
Effect of Sucrose 
The FE of native and 1% ascorbic acid-treated egg albumen was 
lower in the presence of sucrose whilst the FLS and FVS were superior in the 
presence of sucrose, compared to similar foams but not containing sucrose 
(Table 6.6; Figure 6.19). The effect of sucrose to depress FE but enhance 
foam stability of proteins is generally reported (Hailing, 1981) and is discussed 
in Section 3.4. 
In addition, the effect of 1% ascorbic acid in improving the foaming 
properties of egg albumen was greater in the presence of sucrose. This may be 
due to an apparent increase in the concentration of the ascorbic acid. 
It is interesting to note that incubation had a detrimental effect on 
the foaming properties of 1% ascorbic acid-treated egg albumen containing 
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sucrose (Table 6.6; Figure 6.19). The foam expansion was lower and the ITS 
and FVS were also lower and similar to those of 1% ascorbic acid-treated egg 
albumen foams but not containing sucrose. This may be due to a combined 
effect of sucrose inhibiting the oxidation of ascorbic acid to dehydroascorbic 
acid and hydrolysis of the sucrose at low pH (deMan, 1980) with a reduction in 
bulk viscosity. 
Effect of Incubation 
Treatment with acid (1M HC! ) enhanced the foaming properties of 
egg albumen to some extent and was probably due to partial acid hydrolysis, as 
discussed above (Table 6.7; Figure 6.22). However, incubation of ascorbic 
acid-treated ovalbumin and egg albumen had little effect on the foaming 
properties (Figure 6.9c, 6.9d, 6.14-6.17) as was found to be the case for BSA. 
Conformational changes were evident in all cases, as indicated by So (Table 
6.3) but were not manifest in changes in the foaming properties. 
A major difference between BSA and ovalbumin (and therefore bovine 
blood plasma and egg albumen) is their sulphydryl-disulphide content. BSA 
contains 17 disulphide bonds and one free sulphydryl group (Hoshi and 
Yamauchi, 1983) whilst ovalbumin contains only one disulphide bond and four 
unreactive sulphydryl groups (Fothergill and Fothergill, 1970; Fernandez-Diez 
et al., 1964). If ascorbic acid has its effect on foaming properties through the 
free sulphydryl groups and the numerous disulphide bonds in a suiphydryl- 
disulphide interchange reaction then ascorbic acid may be expected to have a 
more profound effect on BSA compared with ovalbumin as was found to be the 
case in this study. 
Gelation Properties of Ascorbic Acid-Treated BSA, Bovine Blood Plasma and 
Eqq Albumen 
Ascorbic acid had a dramatic effect on the gelation properties of 
BSA heated at 80-950C for 30 minutes, yielding gels of greater strength 
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(Figures 6.24-6.26). In contrast, ascorbic acid had relatively little effect on 
improving the gelation properties of bovine blood plasma and virtually no 
effect on the gel strength and breaking strength of egg albumen heated at 80- 
95°C for 30 minutes. The cohesiveness of the egg albumen gels was however 
improved by treatment with ascorbic acid. 
As in the case of the effect of ascorbic acid on the foaming 
properties, it is proposed that ascorbic acid has its effect through disulphide- 
sulphpydryl interchange reactions, in the role of an oxidising agent. Enhanced 
molecular unfolding via disulphide-sulphydryl interchange and enhanced 
protein-protein interaction via disulphide bonds would facilitate the formation 
of a highly ordered and stable gel network and therefore strong gels. 
Disulphide reducing agents such as sodium sulphite and cysteine have been 
shown to adversely affect the gelation properties of proteins (Circle et al., 
1964). 
Differences in the response of the gelation properties of BSA, bovine 
blood plasma and egg albumen to treatment with ascorbic acid may have 
arisen from the extent to which molecular unfolding and protein-protein 
interactions were initiated prior to heating. In the case of BSA where 
sulphydryl groups are surface located it is possible that initiation of 
sulphydryl-disulphide interchange preceded heating whilst for bovine blood 
plasma and egg albumen the internal location of their reactive sulphydryl 
groups mean the molecule must be unfolded by heat in order that sulphydryl 
disulphide interchange may proceed. As discussed above, if ascorbic acid is to 
have its effect on the gelation, and foaming, properties through disulphide- 
sulphydryl interchange reactions then it may be expected that ascorbic acid 
has greater effect on the functional properties of those proteins containing 
numerous disulphide and free sulphydryl groups, such as BSA. Howell and 
Lawrie (1985) have attributed the greater strength of plasma gels over egg 
albumen gels to the number of disulphide bonds (17) and free sulphydryl group 
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of BSA, in comparison to the disulphide bond and unreactive sulphydryl groups 
of ovalbumin. 
Non-specific hydrophobic interactions are also important to the 
dissociative-associative reactions which initiate gelation (Schmidt, 1981). The 
thermal functional properties of proteins have been correlated with the Se of 
proteins (Voutsinas et al., 1983). In this study the Se of BSA and egg albumen 
and to a lesser extent, bovine blood plasma, were enhanced by ascorbic acid 
(1%). Therefore, enhanced hydrophobic interactions may also play a role in 
improving the gelation properties. Hydrophobic interactions probably 
increased the aggregation of the gel network strands, resulting in improved gel 
strength and stability, and opacity of the gels. In the case of ascorbic acid- 
treated egg albumen the improvement in the cohesiveness may be attributed 
to enhanced hydrophobic interactions. 
Browning was clearly evident in gels containing ascorbic acid. This 
may affect the acceptibility, both nutritionally and organoleptically, of 
products containing similar levels of ascorbic acid as an 'improver'. Browning 
probably arose from the involvement of ascorbic acid or dehydroascorbic acid 
in Maillard type reactions (Kurata et al., 1973; Hayashi et al., 1985; Otsuka et 
al., 1986). 
Conclusion 
Ascorbic acid enhanced the foaming and gelation properties of BSA, 
bovine blood plasma, ovalbumin and egg albumen. 
The presence of ascorbic acid during the whipping process was 
required for improving the foaming properties. Foaming properties increased 
in the presence of increasing concentration of ascorbic acid (0.1-1.0%). BSA 
showed the greatest improvement in foaming properties following treatment 
with ascorbic acid, whilst foaming properties of egg albumen were improved to 
a limited extent by treatment with ascorbic acid. A combination of partial 
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acid hydrolysis and treatment with 1% ascorbic acid was required to 
dramatically improve the foaming properties of bovine blood plasma. 
Ascorbic acid-treated proteins exhibited enhanced surface and 
exposed hydrophobicity and reduced numbers of sulphydryl groups. 
It is proposed that ascorbic acid had its effect in the role of an 
oxidising agent via sulphydryl-disulphide interchange reactions. The 
difference in response of the various proteins to treatment with ascorbic acid 
was attributed to the accessibility of the suiphydryl groups and difference in 
the numbers of disulphide bonds. 
CHAPTER 7 
CONCLUSIONS 
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CHAPTER 7 
CONCLUSION 
An investigation of the functional and physico-chemical properties of 
chemically modified bovine blood plasma and egg albumen was undertaken. 
Bovine blood plasma was prepared from whole blood by centrifugation, 
followed by freeze-drying the liquid plasma fraction. The dried preparations 
had a protein content of at least 70% and did not develop adverse (fishy) 
flavours on storage. 
A comparative study of the functional properties of bovine blood 
plasma and egg albumen revealed that bovine blood plasma possessed a useful 
range of functional properties and similar to those of egg albumen, namely, 
solubility, foaming, gelation and emulsification. The gelation properties of 
bovine blood plasma were superior to those of egg albumen, however, egg 
albumen exhibited greater foam expansion and stability. Blood plasma 
therefore has potential for a wide application in bakery as well as in meat 
products. 
Chemical modification of bovine blood plasma and egg albumen proteins 
by the procedure of amidation and treatment with ascorbic acid led to an 
increase in some of the functional properties (foaming and gelation) and 
contributed to an understanding of the relationship between protein structure 
and function. 
Basic derivatives of bovine blood plasma and egg albumen proteins were 
prepared on a laboratory scale by the amidation procedure using 5.5M 
ammonium chloride and a water soluble carbodiimide (EDC). By varying the 
level of EDC (1 x 10-3_ 1mmol EDC ml- 
1 0.5% w/v protein solution), the 
reaction time (5-180 minutes) and pH (4.75 and 6.0) a range of derivatives 
were prepared which comprised either acidic, basic or a mixture of acidic and 
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basic components. Determination of the isoelectric point of amidated 
derivatives provided a convenient and rapid means to assess the extent of 
amidation. However, quantification of the numbers of carboxyl groups 
modified in the amidated derivatives is required, and this may best be 
approached using a titration procedure. 
Selective and repeatable preparation of two amidated derivatives of 
BSA was achieved on a macroscale using dia- and ultrafiltration to terminate 
the reaction rapidly and to remove the ammonium chloride. Ultrafiltration did 
not significantly affect the foaming or physico-chemical properties of BSA. A 
partially amidated derivative of BSA (PA-BSA) comprised both basic and 
acidic component proteins. PA-BSA exhibited enhanced foaming properties at 
neutral pH over native BSA, and was attributed to the electrostatic 
interaction of the acidic and basic component proteins. A substantially 
amidated derivative of BSA (SA-BSA) consisted of entirely basic components. 
SA-BSA had similar foaming properties to native BSA. However, SA-BSA 
exhibited enhanced foaming properties in the presence of native BSA, at 
neutral pH. As the ratio of SA-BSA to native BSA decreased in the solution to 
be whipped the foaming properties of the mixture increased, and were 
maximal at a ratio of 1: 1. The interaction of SA-BSA (basic) with native f3SA 
(acidic) was probably electrostatic in nature. 
Amidation brought about changes in the physico-chemical properties of 
BSA, in addition to changing the surface charge characteristics. A depletion 
in the sulphydryl content of SA-BSA and PA-BSA indicated that minor side- 
reactions of EDC had taken place. The electrophoretic and surface 
hydrophobicity data indicated SA-BSA was partially denatured and had 
undergone significant conformational changes. Changes in the electrophoretic 
character and surface hydrophobicity of PA-BSA were less significant. It is 
therefore probable that the interaction between SA-BSA and native BSA was 
in part hydrophobic in nature. Furthermore, a significantly enhanced exposed 
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hydrophobicity of PA-BSA probably contributed to the superior foaming 
properties of this preparation. Reduction in the numbers of sulphydryl groups 
as a side reaction of EDC appeared to have no effect on foaming properties. 
Conformational changes and partial denaturation of amidated 13SA were 
probably a secondary effect to the amidation procedure itself, arising from 
increased charge repulsions within the molecule between newly formed basic 
amide groups. A further investigation of the physico-chemical properties of 
amidated derivatives could include the qualitative and quantitative 
characterisation of conformational changes in the BSA molecules, using a 
technique such as circular dichroism. 
Preparation of partially amidated derivatives of food proteins, 
comprising both acidic and basic components appears to be an attractive 
means to improve foaming properties, the partial amidation procedure being 
mild and rapid. However, use of partially amidated derivatives may be limited 
in complex food systems by environmental conditions, such as pH and the 
presence of salts, which would interfere with the electrostatic interaction of 
the acidic and basic components. This could be examined by investigating the 
foaming properties of PA-BSA in model systems that closely simulate 
appropriate food products. In addition, investigation of the gelation and 
emulsification properties of PA-BSA, SA-BSA and SA-BSA native BSA 
preparations would indicate more clearly the potential for using amidation to 
enhance the functionality of food proteins. 
It would also be desirable that selective preparation of amidated 
derivatives of bovine blood plasma be undertaken and an investigation made of 
their functional and physico-chemical properties. 
Treatment of bovine blood plasma and egg albumen proteins with 
ascorbic acid enhanced their foaming and gelation properties. The foaming 
properties of BSA, bovine blood plasma, ovalbumin and egg albumen increased 
in the presence of increasing concentration of ascorbic acid, in the range 0.1- 
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1.0%. The presence of ascorbic acid during the whipping process was required 
to bring about improvement in the foaming properties. Foaming properties of 
BSA, bovine blood plasma, ovalbumin and egg albumen responded to differinq 
extents to treatment with ascorbic acid. For instance, ascorbic acid (0.1- 
1.0%) caused dramatic increases in the foaming properties of BSA but effected 
only minor increases in the foaming properties of egg albumen. Foaming 
properties of bovine blood plasma were greatly improved by combining partial 
acid hydrolysis and treatment with 1% ascorbic acid. 
Gelation properties of BSA, bovine blood plasma and egg albumen 
heated at 80-95°C for 30 minutes were also enhanced in the presence of 
ascorbic acid (1.0%). Furthermore, ascorbic acid effected significant 
increases in the gelation properties of BSA but had little effect on the gelation 
properties of egg albumen. Gelation properties of BSA, bovine blood plasma 
and egg albumen did not increase in the presence of increasing concentrations 
of ascorbic acid (0.5 and 1.0%) at 90°C. However a systematic study of the 
effect of the concentration of ascorbic acid on gelation properties over a 
wider time-temperature range is required to confirm this aspect. This study 
indicates that low levels of ascorbic acid (0.5%) brought about similar 
improvement in the gelation properties to those achieved with 1% ascorbic 
acid. 
It is proposed that ascorbic acid had its effect on the foaming and 
gelation properties as an oxidising agent, probably in the form of 
dehydroascorbic acid. Dehydroascorbic acid is thought to become involved in 
sulphydryl-disulphide interchange reactions. In the case of foaming this may 
lead to enhanced intermolecular associations via disulphide bonds at the air- 
water interface, facilitating the development of strong interfacial films. In 
gelation, disulphide-sulphydryl interchange probably enhanced molecular 
unfolding and protein-protein interactions, via disulphide bonds, thus 
facilitating the formation of a highly ordered and stable gel network, and 
therefore strong gels. 
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Ascorbic acid caused a reduction in the numbers of sulphydryl groups 
and increased the surface and exposed hydrophobicity of the proteins, hut to 
differing extents. Increases in the exposed hydrophobicity correlated with 
improvements in gelation and foaming properties in the case of 13SA and 
bovine blood plasma, but not for egg and ovalbumin. 
It is suggested that the dramatic increase in the foaming and gelation 
properties of BSA treated with ascorbic acid over bovine blood plasma, 
ovalbumin and egg albumen is related to the surface location and reactivity of 
the sulphydryl groups in BSA, and to the large number of disulphide bonds. In 
contrast, ovalbumin and egg albumen possess unreactive sulphdryl groups, 
which in this study were internally located, and a smaller number of disulphide 
bonds. The difference in response to treatment with ascorbic acid between 
BSA and bovine blood plasma may be due to the complex nature of bovine 
blood plasma, comprising a mixture of different proteins which may be closely 
associated. Treatment with ascorbic acid caused dramatic improvement in the 
foaming properties of bovine blood plasma only following partial acid 
hydrolysis. 
Ascorbic acid possesses the ability to reduce surface tension which also 
probably contributed to the improvement in foaming properties. 
Treatment of food proteins with ascorbic acid could offer a highly 
acceptable means by which to enhance functional properties. BSA (Fraction 
III) can be fractionated from whole plasma by ion exchange chromatography to 
overcome problems such as fishy flavours, high mineral content and colour of 
whole plasma (Howell and Lawrie, 1983). Therefore, treatment of blood 
plasma with ascorbic acid could be combined with plasma protein fractionation 
to yield safe, organoleptically acceptable and highly functional proteins. An 
investigation of the effect of ascorbic acid on food proteins in real food 
systems is required as other food components may influence the oxidation of 
ascorbic acid and the sulphydryl-disulphide interchange (a redox reaction). In 
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this study, for example, sucrose was found to have a beneficial effect on the 
foaming properties of ascorbic acid-treated egg albumen but had a detrimental 
effect on the foaming properties of ascorbic acid-treated bovine blood plasrna. 
Elucidation of the mechanism by which ascorbic acid has its effect on the 
functional properties of food proteins demands investigation. 
Although the functional properties of bovine blood plasma and egg 
albumen proteins were improved by the selected chemical modification 
procedures, the effect of the modifications on the nutritional and toxicological 
properties of the proteins were not investigated due to time limitations. The 
modification procedure of amidation and treatment with ascorbic acid were 
selected because they were not expected to have a deleterious effect on the 
nutritional properties of proteins. Amidation was selected because it involved 
a relatively mild procedure and derivatisation of the carboxyl groups of non- 
essential amino acids (aspartate and glutamate) whilst ascorbic acid treatment 
was selected because it is a known food additive and a vitamin. Modification 
of food proteins by amidation and treatment with ascorbic acid has received 
little attention hitherto. Therefore, it is recommended that the nutritional 
quality of the amidated and ascorbic-acid treated proteins is investigated in 
terms of the essential amino acid content and their availability, preferably by 
an in vivo method. Similarly, the safety of the amidated derivatives requires 
attention. 
Chemical modification by amidation and ascorbic acid enhanced the 
foaming properties of egg albumen and bovine blood plasma proteins although 
the mechanism through which they had their effect was very different. The 
physico-chemical basis of the functionality of food proteins is not fully 
understood. Clearly, there is a need to define the chemical and/or physical 
attributes that are responsible for the desired functional properties and apply 
this knowledge to the development of functional food ingredients and 
fabrication of food analogues. 
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Appendix I Product Specification for Starting Materials 
Product Specification for Regalbumin 
Chemical Analysis: Protein 70% 
Sodium Citrate 10% 
(anticoagulant) 
Salts 10% 
Fats 1% 
Water 7% 
Calcium 140mg/l00q 
Iron 30mg/l00q 
pH 8.0 
Water Soluble 
From Regal Food Processors 
Dehydrated animal blood proteins, mainly consisting of undenattired plasma. 
Product Specification for Egg Albumen 
Product: GOLDOVA 
Description: Spray dried hen egg albumen in free flowing 
form. 
Packaging Polythene liner sealed ith plastic re-useable 
tag. Held in a corrugated cardboard carton, 
sealed with adhesive tape. Pack in 3.5kq and 
10kg sizes. 
Storage Conditions: Cool and dry (40C-180 C). 
Storage Life: Up to 18 months. 
Chemical Analysis: Protein 78% minimum 
Fat Nil 
Available carbohydrate Nil 
(as monosaccharides) 
K. calories per 100g 328 
Sodium 0.444% 
Potassium 0.326% 
Moisture 10`ß'o maximum 
pH 6-8 
Microbiological Analysis: Bacteria count: 
Total count less than 25,000/g 
Coliforms less than 10/g 
Yeast and Mould negative in 25g. 
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Appendix 2 Determination of the Surface and 
(cont. ) Exposed Hydrophobicity of Proteins 
II Exposed Hydrophobicity 
Protein Protein Se 
SDS 
(%w/v) 
BSA 1-5 1346 ±5 
1 .0 1349 ± 16 
0.5 1372 ± 34 
Ovalbumin 1-5 786 ± 22 
1.0 765 ± 49 
0.5 778 ±6 
VALUeS LM6ED ON Q 
. SJl-T5 
O1= cTuAC DE rEtG iuNIhmo%I5 
STuD-&t4T 4--TE. S77S MADE WITH (MP PrJ c, r! To 
= SDS 1%1-1D 0V ht_BVMtN DS (LJ1v 
ýý>oI o). 
Appendix 3 Procedure for Photography 
Film: 
Film Development Procedure: 
Paper: 
Printing: 
Technical Pan Kodak 2415 35mm 
(a) Paterson Acutol Developer (45m1 
diluted to 900m1) for 20 minutes 
(developed) 
(b) Water bath for 1 minute (stop) 
(c) Paterson Acufix Rapid Fixer for 5 
minutes (fixed) 
Ilford grade 4, glossy, Ilfospeed. 203 x 
254mm. 
(a) Paterson Acuprint Developer for 2 
minutes (developed) 
(b) Water bath for 30 seconds (stop) 
(c) Paterson Acufix Rapid Fixer for 5 
minutes (fixed). 
APPENDIX 4 
DATA FOR CHAPTER 3 
Table 1: Solubility-pH profile of Bovine Blood Plasma at 25°C. 
Values represent mean + standard deviation 
Preparation 
Commercial 
dried bovine 
plasma 
(AB41 and AB86) 
n=4 
Solubility % 
pH 
4.5 6.0 7.5 9.0 
78.4 78.8 88.0 89.0 
+ 5.0 + 4.5 + 2.3 + 1.1 
Freeze dried 88.1 87.0 93.0 94.1 
bovine plasma + 5.1 + 5.5 + 5.6 + 6.8 
(1,2 and 3) 
n=6 
Table la: Solubility-pH arofile of Bovine Blood Plasma after heat 
treatment (60 C/30 mins) 
Values represent mean + standard deviation 
Preparation Solubility 
pH 
4.5 6.0 7.5 9.0 
Commercial 34.9 55.7 70.4 74.0 
dried bovine + 4.9 + 5.4 + 9.6 + 4.4 
plasma 
(AB41 and AB86) 
n=4 
Freeze dried 58.5 80.7 89.0 91.4 
bovine plasma + 7.3 + 5.4 + 3.6 + 6.3 
(1,2 and 3) 
n=6 
Table 2: Foaming properties of bovine blood plasma (0.5%) and eqg 
albumen (0.5%) at pH7, in the absence and presence of 
sucrose (30%): Foam volume (ml) and liquid drai nage (ml) 
Values represent mean + standard deviation 
Preparation Sucrose Minutes Foam Liquid 
content post volume drainage 
whipping (ml) (ml) 
Commercial - 0 805 + 18 41 +4 
bovine plasma 5 805 + 18 123 +7 
(AB41 and AB86) 15 805 + 18 174 +5 
n=4 30 778 + 20 214 +5 
Commercial 30% 0 635 + 25 33 + 10 
bovine plasma 5 635 + 25 138-+ 5 
(AB41 and AB86) 15 625 + 34 185 + 10 
n=4 30 620 + 43 218 +5 
Freeze dried - 0 633 + 27 92 + 12 
bovine plasma 5 633 + 27 168 + 12 
(1,2 and 3) 15 617 + 34 208 + 10 
n=6 30 560 + 36 227 +8 
Freeze dried 30% 0 543 + 23 57 + 10 
bovine plasma 5 543 + 23 163 +5 
(1,2 and 3) 15 537 + 27 203 +5 
n=6 30 523 + 23 222 +4 
Egg Albumen - 0 1335 + 19 0 
n=4 5 1335 + 19 78 + 10 
15 1335 + 19 88 + 10 
30 1335 + 19 166-+ 8 
Egg Albumen 30% 0 870 0 
n=4 5 870 20 
15 870 75 
30 870 125 
Table 3 Gelation Properties of Bovine Plasma 
and Egg Albumen: Gel Strength (GS), Breaking 
Strength (BS) and Cohesiveness (C) of Gels 
Prepared at 90°C for 15,30 and 60 Minutes 
Gelation Performed at pH7 
Protein 
Preparation 
Mins 
at 
90°C 
Gel 
Strength 
(g) 
Breaking 
Strength 
(g) 
Cohesiveness 
(mm) 
Commercial 15 260 + 23 1238 + 33 10.3 + 0.1 
Dried Blood 
Plasma 30 366 + 11 1341 + 25 9.9 + 0.1 
(Regalbumin) 
60 538 + 25 1723 + 138 9.4 + 0.2 
Freeze-Dried 15 523 + 21 1718 + 171 10.1 +0.1 
Bovine Plasma 
30 609 + 22 1888 + 199 9.8 + 0.4 
60 700 +0 2125 + 207 9.8 + 0.3 
Egg Albumen 15 178 + 16 181 + 13 6.1 +0.2 
30 234 + 14 238 + 12 6.1 +0.1 
60 266+10 276+12 6.2+0.2 
Commercial 15 293 +9 444 +48 7.7 + 0.5 
Dried Bovine 
Plasma 30 414 + 12 750 + 67 8.6 + 0.3 
(Regalbumen) 
+ 60 556 + 27 1056 + 94 8.7 + 0.3 
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Table 2: Foaming properties of macroscale preparations of substantially 
amidated BSA (SA-BSA), partially amidated BSA (PA-BSA), NH C1- Control, EDC-Control and Ultrafiltration (2.5h + 5.0h)-Control: 
Foam 
volume (ml) and liquid drainage (ml), Whipping performed at pH7. 
Values represent mean + SD of four replicates, with exception of 
native BSA where values represent mean + SD of eight replicates 
Minutes Foam Volume (ml) Liquid Drainage (ml) 
Post 
Whipping Mean + SD Mean + SD 
SA-BSA 0 645 30 68 10 
5 645 30 168 10 
15 645 30 210 8 
30 635 41 221 6 
PA-BSA 0 3600 0 0 - 
5 3300 115 0 - 
15 3300 115 0 - 
30 3300 115 50 0 
NH Cl-Control 0 705 64 50 0 
5 705 64 170 12 
15 655 64 218 15 
30 655 98 235 17 
1x 10-1 mmol 0 720 28 60 14 
EDC-Control 5 720 28 163 5 
15 720 28 210 8 
30 665 89 228 10 
1x 10-2mmol 0 590 35 95 10 
EDC-Control 5 590 35 190 12 
15 580 28 220 0 
30 525 38 223 5 
Ultrafiltration 0 675 75 53 5 
(2.5h)-Control 5 675 75 168 15 
15 675 75 213 10 
30 580 151 225 13 
Ultrafiltration 0 620 16 78 15 
(5.0h)-Control 5 620 16 185 10 
15 585 19 218 5 
30 420 16 228 5 
Native BSA 0 826 38 26 8 
5 826 38 125 16 
15 826 38 173 7 
30 826 38 211 7 
Table 3: Effect of ammonium chloride (NH Cl) on the foaming g properties 
of BSA: Foam volume (ml) and 
ýiquid drainage (m. Whipping 
performed at pH7. Values represent mean + SD of four replicates 
Minutes Foam Volume (ml) Liquid Drainage (ml) 
Post 
Whipping Mean + SD Mean + SD 
Native BSA 0 870 42 20 0 
5 870 42 115 17 
15 870 42 170 8 
30 870 42 215 6 
BSA-0.1 mM 0 880 69 20 0 
NH4Cl 5 880 69 118 17 
15 880 69 175 6 
30 880 69 215 6 
BSA-1. OmM 0 935 89 18 5 
NH4C1 5 935 89 98 5 
15 935 89 163 5 
30 935 89 208 5 
BSA-lOmM 0 1375 136 0 - 
NH4C1 5 1375 136 30 12 
15 1375 136 100 8 
30 1375 136 173 10 
BSA-1M NH4Cl 0 4450 100 0 - 
5 4200 0 0 - 15 4200 0 0 - 30 4200 0 108 5 
Table 4: Effect of pH on the foaming properties of partially amidated ASA 
(PA-BSA): Foam volume (ml) and liquid drainage (ml). Values 
represent mean of two replicates 
pH Minutes Foam Volume Liquid Drainage 
of post 
solution whipping (ml) (ml) 
Native BSA 4 0 1150 0 
5 1150 40 
15 1150 135 
30 1100 190 
PA-BSA 4 0 680 40 
5 680 165 
15 610 210 
30 260 240 
Native-BSA 7 0 920 20 
5 920 105 
15 920 170 
30 920 215 
PA-BSA 7 0 3000 0 
5 2750 0 
15 2750 25 
30 2750 80 
Native BSA 9 0 670 40 
5 670 160 
15 670 205 
30 670 225 
PA-BSA 9 0 810 20 
5 810 150 
15 810 190 
30 810 215 
Table 5: Interaction of substantially amidated BSA (SA-BSA) with native 
BSA: Foam volume (ml) and liquid drainage (ml) 
Values represent means of two replicates 
Composition Minutes Foam Volume Liquid Drainage 
of solution to post 
be whipped whipping 
Native BSA SA-BSA (ml) (ml) 
1-0 853 27 
5 853 113 
15 853 178 
30 852 210 
49 10 900 20 
5 900 100 
15 900 165 
30 900 205 
19 10 1090 0 
5 1090 70 
15 1090 140 
30 1090 175 
910 1300 0 
5 1300 20 
15 1300 90 
30 1300 155 
410 
5 
15 
30 
1670 
1670 
1670 
1670 
0 
0 
40 
110 
110 2400 0 
5 2400 0 
15 2400 10 
30 2400 75 
140 950 25 
5 950 150 
15 950 190 
30 950 225 
90 930 40 
5 930 115 
15 930 170 
30 930 210 
10 800 55 
5 800 155 
15 800 190 
30 800 205 
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Table 2: Percentage change in foam expansion of BSA, 
bovine blood plasma, ovalbumin, egg albumen 
(0.5%) treated with 0.1,0.5 and 1.0% ascorbic 
acid for 0,3,16 hours. Comparison made to 
native proteins. 
Incubation performed at acidic pH natural to 
the ascorbic acid preparations. 
Whipping performed at pH 7 
Protein Level of Foam Expansion 
Preparation addition of 
ascorbic 0 3 16 
acid Hours of Incubation 
BSA 0.1 99 64 71 
0.5 221 227 208 
1.0 336 336 423 
Bovine 0.1 7 17 21 
Blood Plasma 0.5 33 38 42 
1.0 44 50 273+ 
Ovalbumin 0.1 31 n. d. 23 
1.0 73 n. d. 112 
Egg Albumen 0.1 -11 -9 -32 
0.5 7 10 -3 
1.0 28 26 23 
Results based on duplicate determinations with exception 
of + where results based on four determinations 
n. d. - not determined 
Table 2a: Percentage change in the foam liquid stability and foam volume 
stability of foams prepared from BSA, blood plasma, ovalbumin and 
egg albumen (0.5%) treated with 0.1,0.5 and 1.0% ascorbic acid for 
0,3 and 16 hours. Comparison made to native proteins. 
Incubation performed at acidic pH natural to the ascorbic acid 
treated preparations. 
Results based on duplicate determinations with exception of + where 
results based on four determinations. 
Protein Level of Hours 
Preparation ascorbic Incubation 
acid 
(%) 
BSA 0.1 0 
3 
16 
0.5 0 
3 
16 
1.0 0 
3 
16 
Foam Liquid Stability Foam Volume Stability 
0 5 15 
Minutes post 
whipping 
30 5 15 30 
Minutes post 
whipping 
19 92 150 183 18 22 22 
19 71 100 150 14 17 18 
19 92 107 183 17 18 21 
19 108 232 417 16 24 27 
19 108 239 433 14 23 27 
19 108 232 467 14 22 27 
19 108 257 500 19 28 34 
19 108 257 500 8 17 22 
19 108 236 500 5 12 18 
Bovine 0.1 0 11 22 47 60 4 4 6 
Blood 3 21 22 37 60 6 7 5 
Plasma 16 38 27 68 20 8 10 3 
0.5 0 31 41 89 20 11 14 5 
3 34 61 79 0 14 14 12 
16 31 56 100 20 14 15 15 
1.0 0 38 66 79 20 15 14 10 
3 44 76 79 0 16 15 15 
16+ 64 144 363 380 25 36 42 
Ovalbumin 0.1 0 25 17 0 20 45 31 59 
16 25 0 0 0 35 35 46 
1.0 0 88 67 17 20 72 52 36 
16 113 50 17 0 83 62 41 
Egg 0.1 0 0 -5 -15 0 -1 -4 -3 Albumen 3 0 -5 -9 0 -2 -4 -3 
16 -22 -33 -36 -29 -8 -10 -8 
0.5 0 0 -1 15 24 0 2 2 
3 0 1 18 29 0 2 2 
16 0 -1 0 18 0 -1 0 
1.0 0 0 5 24 47 1 2 3 
3 0 5 27 53 1 4 5 
16 0 5 27 53 1 4 5 
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Table 3e: Effect of pH during incubation of BSA (0.5%) treated with 
1.0% ascorbic acid; Foam Volume (ml) and Liquid 
Drainage (ml) at pH7. 
Values represent mean of 2 replicates 
Minutes Foam Liquid 
Preparation post volume drainage 
whipping (ml) (ml) 
Control BSA 0 830 40 
5 830 120 
15 830 175 
30 830 210 
BSA-1% Ascorbic Acid 0 3300 0 
pH3,16 hours 5 2900 0 
15 2900 15 
30 2900 68 
BSA-1% Ascorbic Acid 0 3300 0 
pH7,16 hours 5 2900 0 
15 2900 15 
30 2900 72 
BSA-1 MHCI 0 1230 0 
pH3,16 hours 5 1230 30 
15 1230 115 
30 1230 165 
Table 3f: Effect of pH during incubation of bovine blood plasma 
(0.5%) treated with 1.0% ascorbic acid; Foam Volume (ml) 
and Liquid Drainage (ml) at pH7. 
Values represent mean of 2 replicates 
Minutes Foam Liquid 
Preparation post volume drainage 
whipping (ml) (ml) 
Control BBP 0 780 65 
5 780 137 
15 773 195 
30 747 217 
BBP-1% Ascorbic Acid 0 2435 0 
pH3.4,16 hours 5 2435 0 
15 2435 30 
30 2435 130 
BBP-1% Ascorbic Acid 0 1070 0 
pH3.4,3 hours 5 1070 65 
15 1070 150 
30 1070 205 
BBP-1% Ascorbic Acid 0 1000 0 
pH7,16 hours 5 1000 100 
15 1000 160 
30 950 220 
BBP-1% Ascorbic Acid 0 1020 0 
pH7,3 hours 5 1020 85 
15 1020 160 
30 990 220 
BBP-1 MHCI 0 1230 0 
pH3.4,16 hours 5 1230 35 
15 1230 140 
30 1230 210 
BBP-1MHCI 0 2360 0 
pH3.4,16 hours 5 2360 0 
then 1% Ascorbic Acid 15 2360 60 
30 2360 163 
Table 3g: Effect of pH during incubation of egg albumen (0.5%) 
treated with 1.0% ascorbic acid; Foam Volume (ml) and 
Liquid Drainage (ml) at pH7. 
Values represent mean of 2 replicates 
Minutes Foam Liquid 
Preparation post volume drainage 
whipping (ml) (ml) 
Control EA 0 1357 0 
5 1357 10 
15 1357 85 
30 1357 162 
EA-1% Ascorbic Acid 0 1580 0 
pH3.2,16 hours 5 1580 0 
15 1580 43 
30 1580 120 
EA-1% Ascorbic Acid 0 1630 0 
pH7,16 hours 5 1630 0 
15 1630 40 
30 1630 115 
EA-1% Ascorbic Acid 0 1600 0 
pH3.2,3 hours 5 1600 0 
15 1600 40 
30 1600 125 
EA-1% Ascorbic Acid 0 1650 0 
pH7,3 hours 5 1650 0 
15 1650 30 
30 1650 110 
EA-1 MHCI 0 1410 0 
pH3.2,16 hours 5 1410 15 
15 1410 70 
30 1410 145 
Table 3h: Effect of removing ascorbic acid prior to whipping of BSA (0.5%) treated with 1% ascorbic acid: Foam Volume (ml), 
Liquid Drainage (ml) 
Values represent mean of 4 replicates 
Minutes Foam Liquid 
Preparation post volume drainage 
whipping (ml) (ml) 
Control BSA 0 820 38 
5 820 124 
15 820 175 
30 820 213 
BSA-Dialysed 0 810 40 
5 810 125 
15 810 185 
30 810 215 
BSA-1% Ascorbic Acid 0 3400 0 
5 3400 0 
15 3400 0 
30 3400 70 
BSA-1% Ascorbic acid 0 995 18 
+ Dialysed 5 995 95 
15 995 175 
30 995 223 
Table 4: Gelation properties of ascorbic acid-treated BSA (6%): Gel 
Strength (GS), Breaking Strength (BS) and Cohesiveness (C) of gels 
prepared at 80,85,90 & 95°C for 15 and 30 minutes. Gelation 
performed at pH7. 
Temp Incubation Ascorbic GS BS C Comments 
(°C) (mins) Acid (%) g g mm 
80 30 0 0 0 0 no gelation 
30 1.0 88 395 8.6 colourless gel 
+5 +41 +0.2 
85 30 0 0 0 0 no gelation 
30 1.0 305 1865 10.6 st. opaque 
+10 +100 +0.2 browning 
90 15 0 8 0 0 elastic 
+3 colourless gel 
15 0.5 494 2100 9.9 sl. opaque 
+43 +268 +0.3 browning 
30 0 27 0 0 elastic 
+9 colourless gel 
30 0.5 925 2606 9.3 sl. opaque 
+54 +345 +0.3 browning 
30 1.0 850 2450 9.7 sl. opaque 
+41 +334 +0.4 browning 
95 30 0 48 0 0 elastic colourless 
+5 gel 
30 1.0 1123 2500 9.1 sl. opaque 
+63 +354 +0.4 browning 
Results represent mean + standard deviation of 4 replicates 
Table 4a: Gelation properties of ascorbic acid-treated bovine blood plasma 
(6%): Gel Strength (GS), Breaking Strength (BS) and Cohesiveness 
(C) of gels prepared at 80,85,90 & 95°C for 30 and 15 minutes. 
Gelation performed at pH7 
Temp Incubation Ascorbic GS BS C Comments 
(°C) (mins) Acid (%) g g mm 
80 30 0 118 324 8.2 amber 
+6 +23 +0.2 transparent 
gel 
30 1.0 163 413 8.4 opaque gel 
+5 +22 +0.2 
85 30 0 230 688 9.5 
+14 +45 +0.2 transparent 
30 1.0 273 945 10.0 opaque 
+17 +71 +0.2 
90 15 0 546 1771 10.1 transparent 
+32 +245 +0.3 
15 0.5 550 1988 10.3 opaque 
+0 +250 +0.3 
15 1.0 500 1738 10.3 opaque 
+0 +103 +0.1 
90 30 0 644 1725 9.4 transparent 
+29 +138 +0.2 
30 0.5 623 2095 9.8 opaque 
+57 +194 +0.2 
30 1.0 706 2238 10.1 opaque 
+31 +138 +0.3 
95 30 0 580 1500 9.1 transparent 
+52 +106 +0.2 
30 1.0 735 1764 9.3 opaque 
+106 +89 +0.2 
Results represent mean + standard deviation of 4 replicates 
Table 4b: Gelation properties of ascorbic acid-treated egg albumin (6%): 
Gel Strength (GS), Breaking Strength (BS) and Cohesiveness (C) of 
gels prepared at 80,85,90 & 95°C for 15 and 30 minutes. Gelation 
performed at pH7 
Temp Incubation Ascorbic GS BS C Comments 
(°C) (mins) Acid (%) g g mm 
80 30 0 23 66 8.6 soft opaque 
+5 +5 +0.2 cream coloured 
gel 
30 1.0 31 108 8.9 
+3 +13 +0.2 
85 30 0 49 101 8.2 cream 
+9 +3 +0.2 coloured 
30 1.0 64 140 8.2 sl. browning 
+6 +4 +0.1 
90 15 0 179 186 58.8 cream 
+20 +17 +0.2 coloured 
15 0.5 183 259 7.5 
+16 +21 +0.3 
15 1.0 175 275 7.9 sl. browning 
+4.1 +21 +0.2 
90 30 0 229 233 6.1 cream 
+17 +12 +0.3 coloured 
30 0.5 222 290 7.3 
+9 +8 +0.1 
30 1.0 183 251 7.4 sl. browning 
+18 +19 +0.2 
95 30 0 226 231 6.2 cream 
+17 +18 +0.2 coloured 
30 1.0 185 298 7.9 sl. browning 
+6 +17 +0.1 
Results represent mean + standard deviation of 4 replicates 
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